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Ion-exchangers are insoluble solid materials or immisible liquids (in 
case of liquid ion-exchangers) containing exchangeable ions. These ions can 
be exchanged for a stoichiometrically equivalent amount of other ions of the 
same sign on contacting with an electrolyte solution. Depending upon their 
ability of exchanging cations, anions or both, the ion-exchangers may be 
categorized as 'cation', 'anion' or 'ampliotenc' ion-exchangers, respectively. 
On the basis of the nature of matrix, ion-exchangers may be classified into 
'organic' and 'inorganic' ion-exchangers. Although organic resins have wide 
applications in analytical chemistry because of their high stability in the wide 
range of pH and reproducibility in ion-exchange behaviour, the main drawback 
has been their instability under the condition of high temperatures and 
radiations. This instability led to the development of inorganic ion-exchangers. 
Inorganic ion-exchangers were found to have thermal and radiation stability 
and thus, having good applications in the treatment of radioactive wastes and 
processing of radioisotopes in nuclear technology. They have also been used 
in environmental analysisV However, these materials are not much 
reproducible and chemically and mechanically very stable. Therefore, to 
overcome the shortcomings of organic and inorganic ion-exchangers and in 
order to get the advantages of both of the ion-exchangers, an interest has 
been developed to obtain some organo-inorganic ion-exchangers which are 
termed as "iiybrid ion-exchangers". The hybrid ion-exchange materials have 
dominated the field because of their uniformity, chemical, mechanical and 
thermal stability, selectivity for metal ions and ability to control resin properties 
by synthetic procedures. They find applications in environmental studies 
owing to their selectivity towards certain metal ions. 
Environmental pollution is one of the biggest hazards that humanity 
faces today. Water pollution caused by non-biodegradable heavy metals is 
serious to human health. Due to industrialization, contamination of water is 
rapidly increasing. Industries usually discharge toxic metals, such as mercury, 
lead, cadmium, arsenic etc. into ponds, rivers and lakes which are the 
sources of water. So, it is now a challenging job to remove these harmful ionic 
impurities from water in order to obtain pure and safe drinking water. If ion-
exchangers to be taken in consideration, they have been used for softening 
and purification of water since their discovery. Although a number of ion-
exchangers have been reported but, there is still room for new ion-exchangers 
which may be effective in this regard. A current interest has been developed 
in synthesizing hybrid materials where features of the organic and inorganic 
components complement each other leading to the formation of new solid-
state structures and materials with new composite properties. This new field 
of materials science is expanding rapidly. Hybrid fibrous ion-exchangers are 
of recent origin^. They have drawn the attention of researchers and analysts 
as they exhibit high efficiency in the process of sorption from gaseous and 
liquid media. The most advantageous property of these materials is that they 
can be prepared in different convenient forms such as clothes, conveyer belts, 
staples, nets etc. This may open new and novel possibilities of using them in 
various industrial applications and in environmental analyses. Surfactants are 
surface-active agents which reduce the interfacial tensions of various 
interfaces and can modify the ion-exchange/adsorption characteristics of 
inorganic ion-exchangers. Recently, surfactants have been found effective In 
removing the harmful ionic impurities from aqueous media by modifying the 
THESIS 
adsorption/ion-exchange behaviour of inorganic ion-exchangers^" .^ Keeping in 
the view of the cleanliness, high ion-exchange capacity, good adsorption and 
thermal behaviour, it was thought worthwhile to synthesize and study some 
new surfactant based hybrid ion-exchangers. In this new phase of hybrid ion-
exchangers, anionic, cationic and non-ionic surfactants were incorporated into 
the matrix of inorganic ion-exchangers, i.e., cerium and tin(IV) phosphates. 
The thesis entitled, "A Study on Some New and Novel Surfactant 
based Hybrid Ion Exchange Materials Useful in Environmental Pollution-
Control" comprises of five chapters. 
Chapter-1 takes into account the history, classification and applications 
of ion-exchangers in the context of the present day problem of environmental 
pollution. It also involves the theory and physical properties of the surfactants. 
A thorough survey of literature up to the recent studies is incorporated with a 
view to highlight the new technological possibilities. 
Chapter-2 describes the details of the materials used, preparation of 
the reagent solutions and physicochemical and chemical methods used to 
characterize the synthesized materials during the whole studies. The 
physicochemical and chemical methods include ion-exchange studies such as 
ion-exchange capacity, elution, concentration and thermal behaviour, pH-
titrations, adsorption studies, binary separations, X-ray diffraction, infra red 
(IR), scanning electron microscopy (SEM), thermal and elemental analysis. 
The synthesis of some new and novel surfactant based hybrid and hybrid 
fibrous ion-exchange materials, sodium dodecyl sulphate, N-dodecyl 
pyridinium chloride, N-cetyl-N,N,N-trimethyl ammonium bromide and triton 
X-100 based cerium(IV) phosphates (SDS-CeP, DPC-CeP, CTAB-CeP and 
TX-100CeP) and N-dodecyl pyridinium chloride and triton X-100 based tin(l\/) 
phosphates (DPC-SnP and TX-100SnP) are also discussed In this chapter. 
The name, abbreviation and Ion-exchange capacities of the studied Ion-
exchange materials are given in Table 1. 
In Chapter-3, the results of Ion-exchange studies of SDS-CeP, 
DPC-CeP, CTAB-CeP and TX-100CeP Including Ion-exchange capacity for 
various metal ions, concentration behaviour, elutlon behaviour, pH-tltratlons 
and thermal stability have been discussed. The surfactant based cerium(IV) 
phosphates have shown higher ion-exchange capacity (Table 1) as compared 
to cerlum(IV) phosphate (i.e., 1.3 meq/dry g) and other hybrid fibrous ion-
exchangers^^^, reported earlier. For alkali metals and alkaline earth metals, 
the respective order of capacities of these materials has been found as: 
Li*< Na'"< K* and Mg^*< Ca^''< Sr^*< Ba^* which Is In accordance to the 
decreasing order of the hydrated ionic radii of metal ions. The optimum 
concentration of the eluant (NaNOa) has been found to be 1M. The elution 
behaviour indicates that the exchange of ions is very fast and only 150 ml of 
1M NaNOa has been found sufficient for complete elutlon of H* ions from 
SDS-CeP, DPC-CeP and TX-100CeP and 170 ml from CTAB-CeP. 
pH-titratlon studies have revealed that SDS-CeP, DPC-CeP and TX-IOOCeP 
behave as monofunctional acid for LiOH/LICI, NaOH/NaCI and KOH/KCi 
systems while CTAB-CeP has shown the bifunctional behaviour for LIOH/LiCI 
system and this bifunctional behaviour is less prominent in NaOH/NaCI 
system. In case of KOH/KCI system, CTAB-CeP behaves as monofunctional 
add. These surfactant based cerlum(IV) phosphates have been found 
thermally more stable as compared to cerlum(IV) phosphate. The results of 
thermal studies are shown in Tables 2 (a-e). The characterization of the 
synthesized materials has been perfonned by thermal analysis (TGA, DTA 
and DTG), spectral analysis (IR and X-Ray) and elemental analysis (C, H, N, 
S, P and Ce). The SEM studies are done to establish the fibrous nature of 
these materials, as shown in Figures 1-4. 
In chapter-4, the results of the ion-exchange studies of DPC-SnP and 
TX-100SnP such as ion-exchange capacity for various metal ions, 
concentration behaviour, elution behaviour, pH-titrations and thermal stability 
have been discussed. These hybrid materials have shown higher ion-
exchange capacity as compared to inorganic ion-exchanger, tin(IV) 
phosphate (i.e., 1.5 meq/dry g) and other hybrid ion-exchangers^"^^, prepared 
earlier. The ion-exchange capacities of these materials for alkali metals and 
alkaline earths follow the same order as given in chapter-3. The optimum 
concentration of the eluant (NaNOa) has been found to be 1M. The exchange 
of ions has been found very fast as only 180 ml of 1M NaNOa has been found 
sufficient for complete elution of H* ions from DPC-SnP and TX-100SnP. 
pH-titration studies have shown the monofunctional behaviour of DPC-SnP 
for LiOH/LiCI, NaOH/NaCI and KOH/KCI systems while TX-IOOSnP behaves 
as bifunctional acid for NaOH/NaCI and as monofunctional acid for 
NaOH/NaCI and KOH/KCI systems. Thermal studies have shown that 
DPC-SnP is thermally more stable than tin(IV) phosphate and TX-IOOSnP. 
The results are given in Tables 3 (a-c). These synthesized materials have 
been characterized using thermal analysis (TGA, DTA and DTG), spectral 
analysis (IR and X-Ray) and elemental analysis (C, H, N, P and Sn). 
The adsorption studies of the surfactant based cerium(IV) and tin(IV) 
phosphates for some alkaline earths and heavy metal ions in different acidic 
media have been discussed in chapter-5. These studies reveal certain 
attracting features. The surfactant based ion-exchange materials have shown 
good adsorption of metals as compared to cerium(IV) and tin(IV) 
phosphates "^^ . The results of adsorption studies are reported in Tables 4 (a-f) 
which have shown high selectivity of SDS-CeP for Pb(ll) ions. DPC-CeP and 
TX-100CeP have been found highly selective for Hg(ll) ions, CTAB-CeP and 
DPC-SnP for Cd(ll) while TX-100SnP has been found selective for Fe(lll), 
Hg(ll) and Pb(ll) ions. On the basis of their selectivity towards certain metal 
ions, some binary separations have been carried out successfully on the 
exchanger columns, exploring their potential role in environmental pollution-
control. Tables 5 (a-f) show the results of binary separations, performed on 
the columns of SDS, DPC, CTAB and TX-100 based cerium(IV) and DPC and 
TX-100 based tin(IV) phosphates. These surfactant based ion-exchange 
materials may be useful for environmentalists for the removal of ionic 
pollutants as the industrial waste consists of such type of non-biodegradable 
impurities. 
Table 1: Name, Abbreviation and Ion-exchange capacity of ttie synttiesized 
surfactant based hybrid ion-exchangers 
S.N. 
1. 
2. 
3. 
4. 
5. 
6. 
Name of the materials 
(Abbreviated) 
Sodium dodecyl sulphate based Ce(IV) 
phosphate (SDS-CeP) 
N-dodecyl pyridinium chloride based Ce(IV) 
phosphate (DPC-CeP) 
N-cetyl-N,N,N-trimethyl ammonium bromide 
based Ce(IV) phosphate (CTAB-CeP) 
Triton X-100 based Ce(IV) phosphate 
(TX-100CeP) 
N-dodecyl pyridinium chloride based Sn(IV) 
phosphate (DPC-SnP) 
Triton X-100 based Sn(IV) phosphate 
(TX-100SnP) 
fon-exchange capacity 
(meq/dry g) 
2.92 
3.15 
2.95 
3.00 
2.39 
2.75 
Table 2(a): Thermal stability of CeP after heating to various 
temperatures for 1h 
Drying 
Temperature (°C) 
45 
100 
200 
300 
400 
Na^ ion-exchange 
capacity 
(meq/dry g) 
1.30 
0.84 
0.17 
0.07 
0.03 
Change in 
colour 
Yellow 
Bright yellow 
Light yellow 
Cream yellow 
Cream 
% Retention of 
ion-exchange 
capacity 
100 
61.8 
13.1 
5.15 
2.20 
Table 2(b): Thermal stability of SDS-CeP after heating to various 
temperatures for 1 h 
Drying 
Temperature (°C) 
45 
100 
200 
300 
400 
500 
600 
Na^ ion-exchange 
capacity 
(meq/dry g) 
2.92 
2.25 
1.95 
1.10 
0.75 
0.25 
0.10 
Change in 
colour 
Yellow 
Yellow 
Yellow 
Light yellow 
Light yellow 
Creamish 
yellow 
Cream 
% Retention of 
ion-exchange 
capacity 
100 
77.1 
66.8 
37.7 
25.7 
8.60 
3.40 
Table 2(c): Thermal stability of DPC-CeP after heating to various 
temperatures for 1 h 
Drying 
Temperature (°C) 
45 
100 
200 
300 
400 
Na* ion-exchange 
capacity 
(meq/dry g) 
3.15 
2.95 
1.85 
1.50 
0.75 
Change in 
colour 
Yellow 
Yellow 
Bright yellow 
Bright yellow 
Light yellow 
% Retention of 
ion-exchange 
capacity 
100 
93.6 
58.7 
47.6 
23.8 
Table 2(d): Thermal stability of CTAB-CeP after heating to various 
temperatures for 1 h 
Drying 
Temperature (**C) 
45 
100 
200 
300 
400 
500 
Na^ ion-exchange 
capacity 
(meq/dry g) 
2.95 
2.35 
1.60 
1.10 
0.80 
0.40 
Change in 
colour 
Yellow 
Yellow 
Bright yellow 
Light yellow 
Cream yellow 
Cream yellow 
% Retention of 
ion-exchange 
capacity 
100 
79.7 
54.3 
37.3 
27.1 
13.6 
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Table 2(e): Thermal stability of TX-100CeP after heating to various 
temperatures for 1 h 
Drying 
Temperature (°C) 
45 
100 
200 
300 
400 
Na"^  ion-exchange 
capacity 
(meq/dry g) 
3.00 
2.70 
1.65 
1.25 
0.35 
Chiange in 
colour 
Yellow 
Bright yellow 
Light yellow 
Light yellow 
Cream yellow 
% Retention of 
ion-exchange 
capacity 
100 
90.0 
55.0 
41.7 
11.7 
Table 3(a): Thermal stability of SnP after heating to various 
temperatures for 1 h 
Drying 
Temperature (°C) 
45 
100 
200 
300 
400 
Na^ ion-exchange 
capacity 
(meq/dry g) 
1.50 
1.25 
0.90 
0.60 
0.10 
Change in 
colour 
White shiny 
White 
Off white 
Off white 
Dirty white 
% Retention of 
ion-exchange 
capacity 
100 
83.3 
60.0 
40.0 
6.67 
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Table 3(b): Thermal stability of DPC-SnP after heating to various 
temperatures for 1 h 
Drying 
Temperature ("C) 
45 
100 
200 
300 
400 
Na^ ion-exchange 
capacity 
(meq/dry g) 
2.39 
2.30 
2.25 
2.20 
0.02 
Change in 
colour 
White shiny 
White shiny 
Dull white 
Dull white 
Off white 
% Retention of 
ion-exchange 
capacity 
100 
96.2 
94.1 
92.1 
0.84 
Table 3(c): Thermal stability of TX-IOOSnP after heating to various 
temperatures for 1 h 
Drying 
Temperature (°C) 
45 
100 
200 
300 
400 
Na^ ion-exchange 
capacity 
(meq/dry g) 
2.75 
2.00 
1.50 
0.75 
0.05 
Change in 
colour 
Off white 
Off white 
Off white 
Off white 
White 
% Retention of 
ion-exchange 
capacity 
100 
72.7 
54.5 
27.3 
1.82 
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Table 4(a): Kd values of some alkaline earths and heavy metal ions on SDS-
CeP in DMW and different acid media 
Metal 
ions 
Mg(ll) 
Ca(ll) 
Sr(ll) 
Ba(ll) 
Fe(lll) 
Mn(ll) 
Ni(ll) 
Co(ll) 
Cu(ll) 
Cd(ll) 
Hg(ii) 
Pb(ll) 
DMW 
840.00 
650.00 
1025.0 
960.00 
1000.0 
1050.0 
820.00 
975.00 
1075.0 
800.00 
1466.7 
4400.0 
HCI 
0.01 M 
683.33 
542.86 
542.86 
960.00 
780.00 
820.00 
820.00 
760.00 
840.00 
800.00 
1075.0 
2150.0 
0.1 M 
571.43 
462.50 
542.86 
960.00 
683.33 
666.67 
820.00 
616.67 
683.33 
666.67 
1075.0 
2150.0 
1M 
487.50 
350.00 
462.50 
616.67 
528.57 
557.14 
666.67 
514.29 
571.43 
557.43 
840.00 
1400.0 
HNO3 
0.01 M 
840.00 
542.86 
650.00 
760.00 
528.57 
1050.0 
666.67 
975.00 
571.43 
666.67 
1075.0 
2150.0 
0.1M 
571.43 
462.50 
650.00 
616.67 
528.57 
820.00 
557.14 
760.00 
487.50 
557.43 
840.00 
1400.0 
1M 
422.22 
400.00 
462.50 
437.50 
450.00 
666.67 
475.00 
514.29 
422.22 
475.00 
683.33 
1025.0 
HCIO4 
0.01M 
487.50 
650.00 
542.86 
616.67 
633.33 
666.67 
557.14 
616.67 
683.33 
800.00 
1075.0 
2150.0 
0.1M 
487.50 
542.86 
462.50 
514.29 
528.57 
666.67 
475.00 
514.29 
683.33 
666.67 
840.00 
1400.0 
1M 
370.00 
350.00 
400.00 
437.50 
450.00 
557.14 
411.11 
437.50 
571.43 
475.00 
571.43 
800.00 
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Table 4(b): Kd values of some alkaline earths and heavy metal ions on 
DPC-CeP in DMW and different acid media 
Metal 
ions 
Mg(ll) 
Ca(ll) 
Sr(ll) 
Ba(ll) 
Fe(lll) 
Mn(ll) 
Ni(ll) 
Co(ll) 
Cu(ll) 
Cd(ll) 
Hg(ll) 
Pb(ll) 
DMW 
683.33 
542.86 
800.00 
975.00 
1000.0 
820.00 
1050.0 
975.00 
1075.0 
2200.0 
TA 
1400.0 
HCI 
0.01 M 
571.43 
542.86 
542.86 
760.00 
780.00 
666.67 
557.14 
760.00 
683.33 
2200.0 
4600.0 
800.0 
0.1 M 
487.50 
462.50 
462.50 
616.67 
528.57 
557.14 
475.00 
514.29 
571.43 
1433.3 
2250.0 
542.86 
1M 
422.22 
400.00 
400.00 
514.29 
450.00 
475.00 
411.11 
437.50 
487.50 
1050.0 
1466.7 
462.50 
HNO3 
0.01 M 
571.43 
462.50 
650.00 
975.00 
633.33 
666.67 
475.00 
616.67 
487.50 
1433.3 
1466.7 
650.00 
0.1 M 
487.50 
400.00 
462.50 
760.00 
528.57 
475.00 
411.11 
514.29 
422.22 
820.00 
1075.0 
350.00 
1M 
370.00 
309.09 
350.00 
616.67 
388.89 
411.11 
360.00 
377.78 
370.00 
666.67 
683.33 
275.00 
HCIO4 
0.01 M 
487.50 
462.50 
650.00 
760.00 
450.00 
820.00 
666.67 
616.67 
840.00 
1050.0 
1075.0 
462.50 
0.1 M 
422.22 
350.00 
462.50 
514.29 
388.89 
475.00 
557.14 
437.50 
683.33 
820.00 
1075.0 
309.09 
1M 
370.00 
275.00 
275.00 
437.50 
300.00 
411.11 
318.18 
377.78 
487.50 
666.67 
683.33 
246.15 
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Table 4(c): Kd values of some alkaline earths and heavy metal ions on 
CTAB-CeP in DMW and different acid media 
Metal 
ions 
Mg(ll) 
Ca(ll) 
Sr(ll) 
Ba(ll) 
Fe(lll) 
Mn(ll) 
Ni(ll) 
Co(ll) 
Cu(ll) 
Cd(ll) 
Hg(li) 
Pb(ll) 
DMW 
840.00 
800.00 
1025.0 
975.00 
1000.0 
666.67 
1050.0 
1333.3 
683.33 
4500.0 
840.00 
1025.0 
HCI 
0.01M 
683.33 
800.00 
650.00 
975.00 
780.00 
557.14 
820.00 
760.00 
571.43 
2200.0 
683.33 
1025.0 
0.1 M 
571.43 
650.00 
542.86 
760.00 
528.57 
475.00 
666.67 
616.67 
487.50 
1433.3 
571.43 
650.00 
1M 
487.50 
542.86 
462.50 
616.67 
450.00 
411.11 
475.00 
514.29 
422.22 
1050.0 
487.50 
542.86 
HNO3 
0.01 M 
840.00 
800.00 
650.00 
760.00 
633.33 
666.67 
557.14 
760.00 
683.33 
4500.0 
840.00 
800.00 
0.1M 
571.43 
542.86 
462.50 
514.29 
450.00 
557.14 
475.00 
514.29 
571.43 
2200.0 
683.33 
542.86 
1M 
422.22 
462.50 
350.00 
437.50 
388.89 
360.00 
411.11 
377.78 
487.50 
1433.3 
487.50 
462.50 
HCIO4 
0.01 M 
571.43 
650.00 
800.00 
760.00 
780.00 
475.00 
1050.0 
975.00 
422.22 
2200.0 
571.43 
650.00 
0.1 M 
487.50 
542.86 
650.00 
616.67 
633.33 
411.11 
557.14 
616.67 
370.00 
1050.0 
487.50 
542.86 
1M 
422.22 
462.50 
400.00 
514.29 
340.00 
318.18 
360.00 
437.50 
327.27 
820.00 
422.22 
400.00 
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Table 4(d): Kd values of some alkaline earths and heavy metal ions on 
TX-100CeP in DMW and different acid media 
Metal 
Ions 
Mg(ll) 
Ca(ll) 
Sr(ll) 
Ba(ll) 
Fe(lll) 
Mn(ll) 
Ni(il) 
Co(ll) 
Cu(ll) 
Cd(li) 
Hg(ii) 
Pb(ll) 
DMW 
683.33 
800.00 
650.00 
616.67 
633.33 
820.00 
557.14 
760.00 
840.00 
666.67 
2250.0 
650.00 
HCI 
0.01 M 
571.43 
650.00 
650.00 
514.29 
633.33 
666.67 
557.14 
616.67 
683.33 
475.00 
1466.7 
400.00 
0.1 M 
487.50 
542.86 
462.50 
437.50 
450.00 
475.00 
475.00 
514.29 
571.43 
411.11 
1075.0 
350.00 
1M 
422.22 
462.50 
400.00 
377.78 
388.89 
411.11 
411.11 
437.50 
487.50 
318.18 
840.00 
309.09 
HNO3 
0.01 M 
683.33 
650.00 
542.86 
616.67 
528.57 
666.67 
475.00 
760.00 
840.00 
557.14 
2250.0 
542.86 
0.1 M 
422.22 
400.00 
462.50 
437.50 
450.00 
557.14 
360.00 
616.67 
683.33 
475.00 
1466.7 
462.50 
1M 
370.00 
350.00 
400.00 
330.00 
388.89 
475.00 
318.18 
437.50 
487.50 
360.00 
1075.0 
400.00 
HCIO4 
0.01 M 
487.50 
542.86 
650.00 
437.50 
528.57 
557.14 
475.00 
616.67 
571.43 
475.00 
2250.0 
462.50 
0.1 M 
370.00 
462.50 
542.86 
330.00 
450.00 
475.00 
411.11 
514.29 
487.50 
360.00 
1075.0 
350.00 
1M 
327.27 
400.00 
462.50 
290.91 
340.00 
360.00 
283.33 
437.50 
422.22 
318.18 
840.00 
309.09 
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Table 4(e): Kd values of some metal ions on DPC-SnP in DMW and different 
acid media 
Metal 
ions 
Mg(ll) 
Ca(ll) 
Sr(ll) 
Ba(ll) 
Fe(lll) 
Mn(ll) 
Ni(ll) 
Co(ll) 
Cu(ll) 
Cd(ll) 
Hg(ii) 
Pb(ll) 
DMW 
616.67 
600.00 
633.33 
800.00 
840.00 
557.14 
437.50 
720.00 
800.00 
3900.0 
780.00 
650.00 
HCI 
0.01 M 
514.28 
500.00 
450.00 
650.00 
571.43 
411.11 
377.78 
720.00 
800.00 
1233.3 
633.33 
542.86 
0.1 M 
437.50 
366.67 
388.89 
462.50 
487.50 
318.18 
330.00 
485.71 
650.00 
900.00 
528.57 
462.50 
1M 
330.00 
320.00 
300.00 
400.00 
370.00 
283.33 
230.77 
412.50 
542.86 
700.00 
450.00 
400.00 
HNO3 
0.01 M 
437.50 
600.00 
528.57 
542.86 
683.33 
475.00 
377.78 
583.33 
650.00 
1900.0 
528.57 
350.00 
0.1M 
377.78 
500.00 
388.89 
400.00 
422.22 
360.00 
290.91 
412.50 
462.50 
1233.3 
388.89 
309.09 
1M 
290.91 
425.00 
238.46 
350.00 
327.27 
253.85 
230.77 
355.56 
400.00 
900.00 
300.00 
246.15 
HCIO4 
0.01 M 
616.67 
425.00 
340.00 
400.00 
683.33 
360.00 
377.78 
485.71 
462.50 
1233.3 
633.33 
462.50 
0.1M 
377.78 
320.00 
300.00 
350.00 
487.50 
283.33 
230.77 
412.50 
400.00 
700.00 
388.89 
350.00 
1M 
258.33 
281.82 
266.67 
309.09 
291.67 
206.67 
186.67 
310.00 
309.09 
566.67 
340.00 
309.09 
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Table 4(f): Kd values of some metal ions on TX-100SnP In DMW and 
different acid media 
Metal 
ions 
Mg(ll) 
Ca(ll) 
Sr(ll) 
Ba(ll) 
Fe(lll) 
Mn(ll) 
Ni(ll) 
Co(ll) 
Cu(ll) 
Cd(ll) 
Hg(ii) 
Pb(ll) 
DMW 
760.00 
600.00 
528.57 
800.00 
2250.0 
666.67 
514.29 
720.00 
1400.0 
1233.3 
1000.0 
2150.0 
HCI 
0.01 M 
760.00 
500.00 
450.00 
800.00 
1466.7 
571.14 
437.50 
583.33 
1025.0 
900.00 
780.00 
1400.0 
0.1 M 
514.29 
425.00 
388.89 
650.00 
1025.0 
360.00 
330.00 
485.71 
650.00 
700.00 
780.00 
1025.0 
1M 
437.50 
366.67 
340.00 
542.86 
840.00 
283.33 
290.91 
412.50 
542.86 
566.67 
633.33 
800.00 
HNO3 
0.01 M 
975.00 
500.00 
528.57 
650.00 
1466.7 
666.67 
616.67 
720.00 
1400.0 
700.00 
1366.7 
1400.0 
0.1 M 
616.67 
425.00 
388.89 
542.86 
1025.0 
475.00 
377.78 
583.33 
1025.0 
471.43 
1000.0 
1025.0 
1M 
377.78 
366.67 
297.30 
400.00 
571.43 
318.18 
330.00 
485.71 
462.50 
344.44 
633.33 
542.86 
HCIO4 
0.01 M 
975.00 
740.00 
633.33 
800.00 
1025.0 
666.67 
514.29 
720.00 
1025.0 
1233.3 
1366.7 
1025.0 
0.1 M 
616.67 
500.00 
450.00 
542.86 
840.00 
571.14 
437.50 
583.33 
542.86 
900.00 
780.00 
800.00 
1M 
514.29 
425.00 
388.89 
462.50 
683.33 
360.00 
330.00 
412.50 
462.50 
566.67 
528.57 
650.00 
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Table 5(a): Binary separations of metal ions achieved on SDS-CeP columns 
S.N. 
1. 
2. 
3. 
4. 
Separation 
achieved 
IVIi IVI2 
Cd( l l ) -Pb( l l ) 
Hg( l l ) -Pb( l l ) 
Ni ( l l ) -Pb( l i ) 
Mg{ l l ) -Pb( l l ) 
Amount 
Loaded ((jg) 
IUI1 IVI2 
17984.0 33152.0 
32094.4 33152.0 
9390.94 33152.0 
3888.80 33152.0 
Amount 
found {\xg) 
Mi M2 
17593.0 32415.3 
31411.5 31678.6 
9390.94 32415.3 
3806.10 33152.0 
Error (%) 
IUI1 M2 
-2.17 -2.22 
-2.13 -4.44 
0 -2.22 
-2.13 0 
Eluant used 
Cd; IMHNO3 
Pb:0.1MHCIO4 
Hg: IMNH4CI 
+ 1MHCI 
Pb:0.1MHCIO4 
Ni: 0.1MHCI 
Pb:0.1MHCIO4 
Mg: O.IMHNO3 
Pb: O.IMHCIO4 
Volume 
of eluant 
(ml) 
50 
70 
60 
60 
50 
60 
60 
70 
Table 5(b): Binary separations of metal ions achieved on DPC-CeP columns 
S.N. 
1. 
2. 
3. 
4. 
Separation 
achieved 
Ml M2 
Mg( l l ) -Hg{ l l ) 
Ca( l l ) -Hg( l l ) 
Sr( l l ) -Hg( l l ) 
Pb( l l ) -Hg( l l ) 
Amount 
Loaded(pg) 
Mi Mj 
3888.8 32094.4 
6412.48 32094.4 
14019.2 32094.4 
33152.0 32094.4 
Amount 
found (pg) 
Mi M2 
3806.1 31411.5 
6412.48 30728.7 
13707.7 32094.4 
31678.6 31411.5 
Error 
Mi 
-2.13 
0 
-2.22 
-^.44 
(%) 
M2 
-2.13 
^ . 2 5 
0 
-2.13 
Eluant used 
Mg:0.1MHCI 
Hg:1MNH4CI 
+ 1MHCI 
CaiO.IMHNOa 
Hg: IMNH4CI 
+ 1MHCI 
Sr: 1M HNO3 
Hg: IMNH4CI 
+ 1MHCI 
Pb:0.1MHCIO4 
Hg: IMNH4CI 
+ 1MHCI 
Volume 
of eluant 
(ml) 
50 
50 
50 
60 
50 
60 
60 
50 
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Table 5(c): Binary separations of metal ions achieved on CTAB-CeP columns 
S.N. 
1. 
2. 
3. 
4. 
Separation 
achieved 
Mi Ms 
Hg( l l ) -Cd( l l ) 
Mg (II) - Cd (II) 
Sr ( l l ) -Cd( l l ) 
N i ( l l ) -Cd( l l ) 
Amount 
Loaded (|jg) 
IVIi IVI2 
32094.4 17984.0 
3888.80 17984.0 
14019.2 17984.0 
9390.90 17984.0 
Amount 
found ((jg) 
IMi M2 
32094.4 17593.0 
3806.10 17202.1 
13707.7 17984.0 
9186.75 17202.1 
Error (%) 
Mi 
0 
-2.13 
-2.22 
-2.17 
M2 
-2.17 
-4.35 
0 
-4.35 
Eluant used 
Hg: IMNH4CI 
+ 1MHCI 
Cd:1MHCI04 
Mg:0.1MHCI 
Cd: IMHCIO4 
Sr: 0.IMHNO3 
Cd:1MHCI04 
Ni: IMHNO3 
Cd; IMHCIO4 
Volume 
of eluant 
(ml) 
50 
60 
50 
50 
50 
60 
50 
70 
Table 5(d): Binary separations of metal ions achieved on TX-100CeP columns 
S. N. 
1. 
2. 
3. 
Separation 
achieved 
Ml M2 
Pb( l l ) -Hg( l l ) 
Ni ( l l ) -Hg( l l ) 
Ca( l l ) -Hg( l l ) 
Amount 
Loaded(pg) 
Ml M2 
33152.0 32094.4 
9390.90 32094.4 
6412.48 32094.4 
Amount 
found (pg) 
Ml M2 
32415.3 31411.5 
9390.90 31411.5 
6269.98 30728.7 
Error (%) 
Ml 
-2.22 
0 
-2.22 
M2 
-2.13 
-2.13 
-4.25 
Eluant used 
Pb: 1MHCI 
Hg: IMNH4CI 
+ 1MHCi 
Ni: 0.IMHCIO4 
Hg: IMNH4CI 
+ 1MHCI 
Ca:0.1MHNO3 
Hg:1MNH4CI 
+ 1MHCI 
Volume 
of eluant 
(ml) 
50 
60 
50 
40 
40 
50 
20 
Table 6(e): Binary separations of metal ions achieved on DPC-SnP columns 
S.N. 
1. 
2. 
3. 
4. 
Separation 
achieved 
M^ IMz 
Pb( l l ) -Cd( l l ) 
Hg( l l ) -Cd( l l ) 
Ni ( l l ) -Cd( l l ) 
Ba( l l ) -Cd( l l ) 
Amount 
Loaded (|jg) 
IVIi IVI2 
24864.0 13488.0 
24070.8 13488.0 
7043.20 13488.0 
16479.2 13488.0 
Amount 
found 
Mi 
24311.5 
24070.8 
6879.40 
16112.9 
(pg) 
1VI2 
13150.8 
12813.6 
13488.0 
12476.4 
Error (%) 
Mi 
-2.20 
0 
-2.32 
-2.22 
IVI2 
-2.50 
-5.00 
0 
-2.50 
Eluant used 
Pb:0.1MHCIO4 
Cd: IMHNO3 
Hg: IMNH4CI 
+ 1MHCI 
Cd: IMHNO3 
Ni: 1M HCI 
Cd: IMHNO3 
Ba:0.01MHCIO4 
Cd:1MHN03 
Volume 
of eluant 
(ml) 
60 
60 
70 
60 
50 
60 
50 
60 
Table 5(f): Binary separations of metal ions achieved on TX-100SnP columns 
S.N. 
1. 
2. 
3. 
Separation 
achieved 
Mi M2 
Ni( l l ) -Hg( l l ) 
Ni ( l l ) -Pb( l l ) 
Ni( l l ) -Fe( l l l ) 
Amount 
Loaded (pg) 
Mi M2 
7043.0 24071 
7043.0 24864 
7043.0 6701.0 
Amount 
found (pg) 
Ml M2 
7207.0 24071 
6879.0 24864 
6879.0 6416.0 
Error 
Ml 
+2.33 
-2.33 
-2.33 
(%) 
M j 
0 
0 
^ . 2 5 
Eluant used 
Ni: 1MHCI 
Hg: IMNH4CI 
+ 1MHCI 
Ni: 1MHCI 
Pb: 0.IMHCIO4 
Ni: liVIHCI 
Fe: IIVIHCIO4 
Volume 
of eluant 
(ml) 
60 
50 
50 
50 
50 
60 
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Fig. 1: SEM study of SDS-CeP 
Fig. 2: SEM study of DPC-CeP 
22 
Fig. 3: SEM study of CTAB-CeP 
Fig. 4: SEM study of TX-1 OOCeP 
23 
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^HAPTEI?., 
Analytical chemistry, broadly conceived, underlines and contributes 
to almost all branches of chemistry as an expenmentai science It plays an 
important role in nearly all aspects of chemistry, for example, agncultural, 
clinical, environmental, forensic, manufacturing, metallurgical and 
pharmaceutical chemistry The goal of a chemical analysis is to provide 
information about the composition of a sample of matter 
The discipline of analytical chemistry consists of qualitative and 
quantitative analyses The former deals with the identification of elements, 
ions or compounds present in a sample, while the latter deals with the 
determination of how much of one or more constituents is present, whether 
the sample is solid, liquid, gas, or a mixture Analytical methods are 
ordinanly classified according to the property that is observed in the final 
measurement process Some more important of these properties as well as 
the names of the methods based upon these properties, are given in 
Table 1 1 
Pnor to chemical analysis, separations are extremely important in 
analytical chemistry The aim of an analytical separation is, usually, to 
eliminate or reduce interferences so that quantitative analytical informations 
can be obtained about complex mixtures There is a variety of separation 
methods that are in common use, including precipitation, distillation, solvent 
extraction, crystallization, dialysis, ion-exchange, chromatography, 
electrophoresis, field flow fractionation etc 
Table 1.1: Analytical techniques and principal applications 
S.N. 
1 
2 
3 
4 
5 
6 
7 
8 
Technique 
Gravimetry 
Titrimetry 
Atomic and 
molecular 
spectrometry 
Mass 
spectrometry 
Chromatography 
and 
electrophoresis 
Thermal analysis 
Electro-chemical 
analysis 
Radiochemical 
analysis 
Property measured 
Weight of pure analyte or 
compound of known 
stoichiometry 
Volume of standard 
reagent solution reacting 
with the analyte 
Wavelength and intensity 
of electromagnetic 
radiation emitted or 
absorbed by the analyte 
Mass of analyte or 
fragments of it 
Vanous physico-chemical 
properties of separated 
analytes 
Chemical/physical 
changes in the analyte 
when heated or cooled 
Electncal properties of the 
analyte in solution 
Characteristic ionizing 
nuclear radiation emitted 
by the analyte 
Principal areas of 
application 
Quantitative for major or 
minor components 
Quantitative for major or 
minor components 
Qualitative, Quantitative 
or, structural for major 
down to trace level 
components 
Qualitative or structural 
for major down to trace 
level components isotope 
ratio 
Qualitative and 
quantitative separations 
of mixtures at major to 
trace levels 
Charactenzation of single 
or mixed major/minor 
components 
Qualitative and 
quantitative for major to 
trace level components 
Qualitative and 
quantitative at major to 
trace levels 
Of all the different types of separation methods, chromatography has 
the unique position of being applicable to all types of problems in all 
branches of science This technique provides a very efficient method for the 
identification, separation, determination and purification of chemical 
compounds It has undergone explosive growth in the last thirty years The 
chromatographic technique v\/as first invented by a Russian botanist Mikhil 
Tswett in 1906, at the University of Warsaw. He coined the term 
'Chromatography' from the Greek words 'Chromatos' and 'graphy which 
mean 'color' and 'to write' respectively. The International Union of Pure and 
Applied Chemists (lUPAC) have drafted a recommended definition of 
chromatography "Chromatography is a physical method of separation in 
which the components to be separated are distnbuted between two phases, 
one of which is a stationary phase, while the other is a mobile phase^" Since 
its discovery, this technique has undergone tremendous modifications and 
now-a-days vanous types of chromatographic techniques have been 
developed for separating almost any kind of a given mixture, whether 
coloured or colourless into its constituents and to test the purity of these 
constituents The applications of chromatography have extensively been 
used in the last fifty years, owing not only to the development of several new 
types of chromatographic techniques, but also due to the growing needs of 
the scientists for better methods of separating the complex mixtures or metal 
lons^ The different chromatographic methods are summarized in Table 1 2 
Table 1.2: A classification of the principal chromatographic 
techniques 
S.N. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
Technique 
Paper 
chromatography 
(PC) 
Thin layer 
chromatography 
(TLC) 
Gas-liquid 
chromatography 
(GLC) 
Gas-solid 
chromatography 
(GSC) 
High 
performance 
liquid 
chromatography 
(HPLC) 
Size-exclusion 
chromatography 
(SEC) 
Ion-exchange 
chromatography 
(lEC) 
Ion 
chromatography 
(IC) 
Chiral 
chromatography 
(CC) 
Stationary 
phase 
Cellulose-
water 
complex 
Silica, 
cellulose, ion-
exchange 
resin, 
controlled 
porosity solid 
Liquid 
Solid 
Solid or 
bonded 
phase 
Controlled 
porosity solid 
Ion-exchange 
resin or 
bonded-
phase 
Ion-exchange 
resin or 
bonded-
phase 
Solid chiral 
selector 
Mobile 
phase 
Liquid 
Liquid 
Gas 
Gas 
Liquid 
Liquid 
Liquid 
Liquid 
Liquid 
Format 
Planar 
Planar 
Column 
Column 
Column 
Column 
Column 
Column 
Column 
Principal 
sorption 
mechanism 
Partition 
(adsorption, 
ion-exchange, 
exclusion). 
Adsorption 
(partition, ion-
exchange, 
exclusion) 
Partition 
Adsorption 
Modified 
partition 
(adsorption) 
Exclusion 
Ion-exchange 
Ion-exchange 
Selective 
adsorption 
Out of these several chromatographic methods, ion-exchange has 
gained great attention by analysts in practice. The phenomenon of ion-
exchange is not of a recent origin. It has an interesting historical background. 
The earliest of the references were found in the Holy Bible, establishing 
Moses' priority who succeeded in preparing drinking water from brackish 
water, by an ion-exchange method^. Later on, Aristotle found that sea water 
loses part of its salt contents when percolated through certain sand''. In 
1850, Thompson^ and Way^, two English chemists discovered 'base 
exchange' (cation-exchange) in soils. The materials, responsible for this 
phenomenon were identified mainly by Lemberg'^  and later by Wiegner^ as 
clays, glauconites and humic acids. Such discoveries led to the use of these 
materials in plant operations for water softening and other purposes and to 
synthesize products with similar properties. In the second half of the 19"^  
century, the ion-exchange properties of soil^ were explored. In 1903, Harm 
and Rumpler^°, two German chemists, synthesized the first synthetic 
industrial ion-exchanger. In 1917, Folin and Bell" first developed an 
analytical method for the collection and separation of NH3 from urine using 
synthetic zeolites. Perhaps Dr. Gans^^, a German chemist, was the first 
person who used ion-exchanger (processed natural zeolites) on industrial 
scale. He recovered gold from sea water and termed the 'aluminosilicates', 
cation-exchanger as 'permutits'. Thereafter, a lot of scientific works have 
been carried out on natural, processed and synthetic inorganic materials for 
their ion-exchange properties. In 1935, first synthetic granular ion-exchange 
resin was described by E. A. Adams and E. L. Holmes^^, although naturally 
occurring zeolites had been in use for purification of water since 19^ *^  century. 
This discovery, however, led to recognition, study and solution of problems 
in introducing more elTicient ionic groups on a polymer backbone structure 
These new resins were developed, improved and still in the process of 
improvement as per need of time After 1935, there has seen a rapid 
increase in the synthesis and studies on synthetic organic and fibrous ion-
exchanger Vanous time spans may be identified for the development of ion-
exchange technique Figure 1 1 summarizes the vanous stages of the 
development of ion-exchangers and sorbents 
Initially, the ion-exchangers were mostly used for water softening, but 
later on they were widely employed in vanous fields such as syntheses and 
some preparative works The use of ion-exchangers provided the new 
methods for analysts, which not only met the requirements of modern 
laboratones but also led to the solution of previously insolvable problems 
Thus, the ion-exchange process has been established as an analytical tool 
in laboratones and industnes An interest in ion-exchange operations in 
industries is increasing day by day as their field of applications is expanding 
and today, it is an extremely valuable supplement to other procedures such 
as filtration, distillation and adsorption All over the world, vanous plants are 
in operation, accomplishing tasks that range from the recovery of metals 
from industrial wastes to the separation of rare earths and from catalysis of 
organic reactions to decontamination of water in cooling systems of nuclear 
reactors 
^centfy 
1940-to-ddte 
Continued rapid 
development of 
artificial organic 
ion-exchangers and 
by a renaissance in 
inorganic ion-
exchange sorbents. 
1935-1940 
Rapid development 
of organic 
materials. 
Complete 
elimination of 
inorganic ion-
exchange sorbents. 
Latest development 
in the synthesis of 
hybrid (organo-
inorganic) ion-
exchangers and 
their practical 
applications. 
Use of inorganic 
ion-exchange 
sorbents and 
modified natural 
organic materials. 
Dp to 1850 
First experimental 
observation and 
informations. The 
principle of ion-
exchange had not 
yet been 
discovered. 
1850-1905 
Discovery of the 
principles of ion-
exchange and the 
first experiment in 
the technical 
utilization of ion-
exchangers. 
1905-1935 
Figure 1.1: Stages of development of ion-exchangers and 
sorbents 
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Ion-exchangers are insoluble solid materials or iitimisible liquids 
(in case of liquid ion-exchangers) containing exchangeable ions. These ions 
can be exchanged for a stoichiometricaily equivalent amount of other ions of 
the same sign on contacting with an electrolyte solution. Depending upon 
their ability of exchanging cations, anions or both, the ion-exchangers may 
be categorized as 'cation', 'anion' or 'amplioteric' ion-exchangers, 
respectively. A cation-exchanger comprises a matrix with negative charge 
while an anion-exchanger comprises a matrix with positive charge. The 
negative or positive charge on the matrix is compensated by the oppositely 
charged counter ions, which are mobile in nature. A typical ion-exchange 
reaction may be represented as follows: 
R - A + B ( a q ) :;;=^ R - B + A(aq) 
where 'A' and 'B' are the replaceable counter ions, 'R' is the structural unit 
(matrix) of the ion-exchanger and 'aq' stands for the aqueous phase. This 
process is reversible, i.e., it can be reversed by suitably changing the 
concentration of the ions in solution. 
The actual utility of an ion-exchanger depends chiefly on its ion-
exchange characteristics such as ion-exchange capacity, pH-titration, 
concentration, elution and distribution behaviour. The ion-exchange capacity 
depends on hydrated ionic radii and selectivity. The selectivity of any ion-
exchanger, in turn, is influenced by the nature of its functional group and 
degree of its cross linking. Ion-exchangers, having groups that are capable 
of complex formation with some particular ions, will adsorb these ions more 
strongly. As the degree of cross linking increases, the exchanger becomes 
more selective towards ions of different sizes. The elution of H* ions from a 
column of ion-exchanger depends on the concentration of the eluant while 
an optimum concentration of the eluant, necessary for maximum elution of 
H* ions depends on the nature of ionogenic groups present in the 
exchanger, which depends upon the pKa values of the acids used in 
preparation. The efficiency of an ion-exchanger depends on the following 
fundamental exchange reactions: 
• Equivalence of exchange. 
• Selectivity for one ion relative to another, including the cases in 
which the varying affinities of the ions are modified by the use of 
complexing and chelating agents. 
• Donnan exclusion - the ability to exclude ions but not, in general, 
undissociated substances. 
• Screening effect - the inability of very large ions or polymers to be 
adsorbed to an appreciable extent. 
• Differences in migration rates of adsorbed substances down a 
column - primarily a reflection of differences in affinity. 
• Ionic mobility restricted to the exchangeable ions and counter ions 
only. 
• Miscellaneous - swelling, surface area, and other mechanical 
properties. 
On the basis of the nature of matrix, an ion-exchanger may be 
'organic' or 'inorganic' in nature. 
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1.1. ORGANIC ION-EXCHANGERS 
Organic ion-exchangers, commonly known as 'ion-exchange resins', 
are well known for their uniformity, chemical and mechanical stability and for 
the easy control over their ion-exchange property through synthetic methods. 
Organic resins have wide applications in analytical chemistry because of 
their high stability in the wide range of pH and reproducibility in the results, 
but their instability under the conditions of high temperature and strong 
radiation led to a major switch for the development of inorganic ion-
exchange materials. The matrix of inorganic ion-exchanger is more reactive 
than that of organic resins and hence, the selectivity for the metal ion 
depends both on adsorption characteristics of the matrix and the nature of 
the ionogenic groups attached to the matrix. 
1.2. INORGANIC ION-EXCHANGERS 
Inorganic ion-exchangers are capable of being stable at elevated 
temperatures and in the presence of strong radiations and hence, they have 
wide ranging applications in nuclear researches such as radioisotope 
separations, nuclear waste treatments etc. They are used in the 
determination and detection of metals in pharmaceutical and biological 
products, analysis of alloys and rocks, as ion selective electrodes, as 
packing materials in ion-exchange chromatography, and as catalysts. They 
also find applications in environmental analysis^"*. The widespread 
importance of inorganic ion-exchangers in practical applications, and 
scientific interest in their nature and properties, has precipitated a wealth of 
11 
published literature on the subject. Good starting points for further basic 
informations are classic books like those of A. Clearfield^^, C.B. Amphlett^^ 
and M. Qureshi and K.G. Varshney^''. These books have provided a 
complete picture and thorough insight of this field and widespread 
importance of inorganic ion-exchangers. Important advances in this field 
have been reviewed by a number of workers/researchers at various stages 
of its development, such as Fuller^^, Qureshi^^ et al, Vesely and Pekarek^°, 
Clearfield^^•^^ Alberti^^"^^ Costantino^^ Marinsky^^ Varshney2^"^\ Ivanov^^ 
and Terres-Rojas^^. Dyer^ "*'^ ^ has dealt with the theories involved zeolite 
molecular sieves, which have principles underlying the inorganic ion-
exchangers. Alberti (Itly) and Clearfield (USA) devoted most of their studies 
on the crystalline inorganic ion-exchangers. 
Inorganic ion-exchangers are generally the oxides, hydroxides and 
insoluble acid salts of polyvalent metals, hetropolyacid salts and insoluble 
metal ferrocynides. These materials are generally produced by combining 
the oxides of elements of III, IV, V and VI groups of the periodic table. A 
large number of such materials have been synthesized by mixing 
phosphoric, arsenic, molybdic, antimonic and vanadic acids with titanium, 
zirconium, tin, thorium, cerium, iron, antimony, chromium, niobium, tantalum, 
bismuth, nickel, cobalt etc. However, the majority of work has been carried 
out on zirconium, titanium, tin, niobium and tantalum. Table 1.3 summarizes 
the characteristics of various inorganic ion-exchangers, studied so far^ *""^ "^. 
They can be prepared both in crystalline and amorphous forms having good 
chemical stability, reproducibility in ion-exchange behaviour and selectivity 
for certain metal ions. 
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Table 1.3: Inorganic ion-exchangers prepared, so far and their 
selectivity for metal ions 
S.N. Materials 
(1) Aluminum based exchangers 
1 
2 
3 
Aluminum antimonite 
Aluminum vanadate 
Aluminum tri poly-phosphate 
(II) Antimony based exchangers 
4 
5 
6 
7 
8 
9 
(III) B 
10 
11 
Antimonic acid 
Phosphoantimonic acid 
Phosphorous-antimony 
Silicon-antimony 
Antimony ferrocyanide 
Antimony-phosphorous-silicon 
smuth based exchangers 
Bismuth tungstate 
Bismuth tellurate 
(IV) Cerium based exchangers 
12 
13 
14 
15 
16 
17 
18 
Cenum phosphate 
Cenum-phosphate-sulphate 
Cenum arsenate 
Cenum antimonite 
Cenum molybdate 
Cenum tungstate 
Cenum phosphosilicate 
Nature 
Amorphous 
Amorphous 
~ 
Crystalline 
Glassy 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Microcrystalline 
Crystalline 
Crystalline 
Microcrystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Selectivity 
Ag(l), U02(ii), 
Ba(ll), Ti(IV) 
~ 
~ 
K(l), Li(l) 
Na(l), K(l), 
NH4(I), Ag(l) 
-
-
Sr(ll) 
Cd(ll), Li(i), 
Na(l), Mg(ll), 
Sr(ll), Ba(ll) 
Y(lll), La(lll) 
Pb(ll) 
~ 
Cs(l), Rb(l), K(l), 
Na(l), Li(l) 
Cs(l), Na(l), As(l) 
Pb(ll), Ba(ll), 
Ag(l) 
Na(l), Ag(l), 
Sr(ll), Ca(ll), 
Cs(l) 
~ 
Hg(ii) 
-
Hg(ll), Ti(lV) 
-
Reference 
37 38 
39 
40 
41,42 
43,44 
45 
46 
47 
48 
49 
50 
51-53 
54 
55 
56 
57 
58 
59 
60 
61 
Contd 
13 
S.N. 
19 
20 
Materials 
Cerium selenite 
Cerium vanadate 
(V) Chromium based exchangers 
21 
22 
23 
24 
25 
26 
27 
28 
Chromium phosphate 
Chromium arsenate 
Chromium molybdate 
Chromium tungstate 
Chromium antimonite 
Chromium tellurate 
Chromium ferrocyanide 
Chromium arsenophosphate 
(VI) Cobalt based exchangers 
29 
30 
Cobalt antimonite 
Cobalt ferrocyanide 
(VII) Iron based exchangers 
31 
32 
33 
34 
35 
Feme phosphate 
Feme arsenate 
Fernc antimonite 
Feme tungstate 
Feme ferrocyanide 
(VIII) Lead based exchangers 
36 
37 
38 
(IX) M 
39 
40 
Lead antimonite 
Lead tungstate 
Lead strontium Phosphate 
agnesium based exchangers 
Magnesium phosphate 
Magnesium trisilicate 
(X) Niobium based exchangers 
41 
42 
43 
44 
Niobium antimonate 
Niobium arsenate 
Niobium molybdate 
Niobium phosphate 
(XI) Tin based exchangers 
Nature 
-
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
-
Amorphous 
Amorphous 
Semierystalline 
Amorphous 
Amorphous 
Amorphous 
Selectivity 
~ 
~ 
K(l), Na(l), Li(l) 
Ca(ll), Sr(ll), 
Ba(ll) 
Zr(IV), Hf(IV) 
Pb(ll), Ga(lll) 
Th(IV), Hf(IV) 
Pb(ll), Co(ll) 
~ 
Cu(ll),Ag(l) 
K(l) 
~ 
-
Pb(ll), Eu(lll), 
Ga(lll) 
K(l), Na(l), Li(l) 
Cd(ll) 
Ce(IV) 
Ca(ll) 
Pb(ll), Cd(ll) 
~ 
~ 
~ 
~ 
~ 
Rare earth 
elements 
La(lll) 
~ 
Reference 
62 
63 
64 
65 
66 
66 
66 
66-67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
14 
S.N. 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
(XII) T 
69 
Materials 
Stannic phosphate 
Stannic tungstoselenate 
Stannic arsenate 
Stannic antimonite 
Stannic molybdate 
Stannic selenite 
Stannic tungstate 
Stannic vanadate 
Stannic Ferrocyanide 
Stannous Ferrocyanide 
Stannic molybdosilicate 
Stannic molybdoarsenate 
Stannic pyrophosphate 
Stannic selenopyrophosphate 
Stannic tugstophosphate 
Stannic phosphosilicate 
Stannic tungstovanadophosphate 
Stannic selenophosphate 
Stannic tungstoarsenate 
Stannic vanadoarsenate 
Stannic vanadophosphate 
Stannic selenoarsenate 
Stannic vanadotugstate 
Stannic arsenoantimonate 
antalum based exchangers 
Tantalum phosphate 
Nature 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Semicrystaliine 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Selectivity 
Na(l), Li(l)Cu(ll) 
Zn(il),Ni{ll),Co(ll) 
Ba(ll) 
Al(lll), Ga(lll), 
In(lll) 
Cu(ll), Ni(ll), 
Co(ll) 
Pb(ll) 
Li(l), Na(l), K(l) 
Co(ll), Ba(ll), 
Ni(ll), Pb((ll), 
Mn(ll), Cu(ll) 
Sr(ll) 
K(l), Na(l), Li(l) 
K(l), Na(l), Li(l) 
Cu(ll), Ni(ll), 
Mg(ll), Mn(ll), 
Y(lll) 
Th(IV) 
-
Zr(IV), Th(IV), 
Y(lll),Bi(lll) 
Ag(l), Pb(ll), 
Sr(ll), Zr(IV) 
Zn(ll), Hg(ll) 
Hg(ll) 
-
~ 
Ba(ll), Cu(ll) 
Ba(ll) 
Ba(ll), Cu(ll) 
-
Al(ill) 
Mg(ll), Ba(ll) 
Cd(ll),Ni(ll) 
Cs(l), Rb(l) 
Reference 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
99 
100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
15 
S.N. 
70 
71 
72 
73 
74 
(XIII) 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
Materials 
Tantalum arsenate 
Tantalum antimonate 
Tantalum selenite 
Tantalum tungstate 
Tantalum sulphate 
Titanium based exchangers 
Titanium phosphate 
Titanium arsenate 
Titanium antimonite 
Titanium molybdate 
Titanium tungstate 
Titanium selenite 
Titanium vanadate 
Titanium ferrocyanide 
Titanium arsenophosphate 
Titanium ferricyanide 
Titanium arsenosilicate 
Titanium molybdophosphate 
Titanium phosphosilicate 
Titanium tungstoarsenate 
Titanium tungstophosphate 
Titanium vanadophosphate 
(XIV) Thorium based exchangers 
91 
92 
93 
94 
Thonum phosphate 
Thonum arsenate 
Thonum antimonite 
Thonum molybdate 
Nature 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Semicrystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Crystalline 
Amorphous 
Amorphous 
Selectivity 
Ba(ll), K(l), Na(l) 
K(l), NH4(I), Na(l) 
— 
K(l), Y(lll) 
K(l), Zn(ll) 
" 
Pb(ll), Cu(ll) 
Ba(ll), Sr(ll) 
Cd(ll), Zn(ll) 
Rare earth 
metals 
Vo(ll) 
Pb(ll), Ba(ll), 
Tl(l), K(l) 
Cs(ll), Mg(ll), 
Ca(ll) 
Cd(ll) 
Sr(ll) 
Cs(l) 
~ 
Rb(l) 
Pb(ll) 
--
Zr(IV),Nb(V), 
Pu(IV), Cs(l) 
Pb(ll) 
Th(IV) 
Rb(l), Cs(l), Ag(l) 
Pb(ll),Fe(lll),Bi(lll) 
~ 
-
Fe(lll), Zr(IV), 
Pd(ll) 
Reference 
112 
113 
114 
115 
115 
116-117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
Contd 
16 
S.N. 
95 
Materials 
Thorium tungstate 
Nature 
Amorphous 
Crystalline 
Selectivity 
Cs(i), K(i), Na(l) 
Bi(lll), Hg(ll) 
Reference 
139 
140 
(XV) Tungsten based exchangers 
96 
97 
Tungsto antimonic acid 
Tungsten ferrocyanide 
Crystalline 
Amorphous 
~ 
-
141 
142 
(XVI) Uranium based exchangers 
98 
99 
Uranyl hydrogen phosphate 
Uranium ferrocyanide 
-
Amorphous 
Cs(l), Rb(l), K(i) 
~ 
143 
144 
(XVII) Zirconium based exchangers 
100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
Zirconium phosphate 
Styrene support zirconium 
phosphate 
Zirconium pyrophosphate 
Zirconium hypophosphate 
Zirconium polyphosphate 
Zirconium-aluminiumphosphate 
Zirconium arsenate 
Zirconium antimonate 
Zirconium molybdate 
Zirconium tungstate 
Styrene-supported zirconium 
tungstophosphate 
Zirconium tungstophosphate 
Zirconium tellurate 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Cs(l), Rb(l), 
K(l), Na(i) 
Eu(lll), Sr(ll), Co(ll), 
Ni(ll) Zn(ll), U02(il) 
Na(i), Ag(l) 
Ca(ii), NH4(i) 
Sr(ll),U02(ll),Ce(lll) 
Cu(ll), Ni(ll), Ca(ll) 
Na(l), Fe(ll), Mg(ll) 
For multivalent 
metals 
Fe(lll), Cu(ll), Ca(ll), 
Ba(ll) 
Pb(ll) 
Cs(l), K(l), Na(l) 
Na(l), K(l), Cs(l) 
Na(l), K(l), NH4(I), 
Rb(l), Cs(l), Li(l) 
-
Cs(l), Rb(l), K{l) 
Na(l), Li(l) 
Hg(ii) 
Cd(ll) 
"" 
145 
146 
147 
148 
149 
150 
151 
152 
153 
154 
155 
155 
156-157 
158 
159 
160 
161 
162 
Contd 
17 
S.N. 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
Materials 
Zirconium oxalate 
Zirconium silicate 
Zirconium ferrocyanide 
Zirconium silicomolybdate 
Zirconium arsenophosphate 
Hydrous zirconium oxide 
Zirconium arsenophosphate 
Zirconium arsenosilicate 
Zirconium tungstoarsenate 
Zirconium titaniumphosphate 
Zirconium aluminopyrophosphate 
Zirconium arsenosilicate 
Zirconium molybdovanadate 
Zirconium molybdophosphate 
Zirconium phosphosilicate 
Zirconium phosphoiodate 
Zirconium selenite 
Nature 
Crystalline 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
~ 
Amorphous 
Crystalline 
-
Crystalline 
-
Crystalline 
— 
— 
Amorphous 
Electronion 
exchanger 
Crystalline 
Selectivity 
Na(l),Cs(l),Rb(l), 
K{l) 
Th(IV), Sm(lll), 
Cs(l), Sr(ll) 
LI (I) Na (1), NH4(i) 
— 
~ 
Bi(lll) 
-
-
Ag(i) 
-
~ 
Al(lll), Fe(lll), 
Pb(ll), Cd(ll) 
Li(ll), Nad) 
~ 
Pu(IV), Cs(l) 
Qualitative 
oxidation of Fe(lll), 
Ti(lll), As(lll), 
Sn(ll), Sb(lll) 
— 
Reference 
163 
164 
165 
166 
126 
167 
168 
169 
170 
171 
172 
173 
174 
129 
175 
176 
177 
(XVIII) Miscellaneous acid salts 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
Cesium zirconium phosphate 
Collidinium molybdoarsenate 
Copper ferncyanide 
Hafnium phosphate 
a-Hafnium phosphate 
Lanthanum antimonate 
Lanthanum tungstate 
Molybdate ferrocyanide 
Nickel antimonate 
Pyridinium tungstoarsenate 
Teilunum antimony 
-
-
— 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Semicrystalline 
Amorphous 
~ 
Amorphous 
-
Tl(l) La(lll) 
~ 
Li(l) 
— 
Hg(ii), Mg(li) 
-
Cs(ll) 
Bi(l) 
Rb(i),Cs(l) 
-
178 
179 
180 
181 
182 
183 
184 
185 
71 
186 
187 
Contd 
18 
S.N. 
141. 
142. 
143. 
144. 
Materials 
Vanadium ferrocyanide 
Zinc ferrocyanide 
Zinc uranyl phosphate 
Zinc uranyl phosphonnolybdate 
Nature 
Amorphous 
Amorphous 
~ 
~ 
Selectivity 
Cs(l), Rb(l) 
Cs(l) 
-
~ 
Reference 
188 
189 
190 
190 
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1.3. HYBRID ION-EXCHANGERS 
Since organic ion-exchangers were found to be unstable at elevated 
temperatures and under strong radiations, inorganic ion-exchangers were 
taken as alternatives for such cases. However, the main drawback of 
inorganic ion-exchange materials has been that they are not very much 
reproducible in ion-exchange behaviour. Further, they are found not to be 
chemically and mechanically very stable perhaps due to their inorganic 
nature. Thus, to overcome these shortcomings, an interest was developed to 
obtain some organic based inorganic ion-exchangers. These exchangers 
were termed as "hybrid ion-exchangers" as they consist of both the organic 
and inorganic counterparts and having the properties not seen in purely 
organic or purely inorganic materials. This new class of ion-exchangers has 
been prepared in these laboratories by incorporating a polymeric or 
monomeric organic species into the inorganic ion-exchange matrix^ '"'^ ^®^^ "^^ ^^  
The hybrid ion-exchangers have shown an improvement in a number of 
ways. One of them is its granulometric properties that make it more suitable 
for the application in column operations. The binding with an organic species 
also introduces better mechanical properties in the end product, i.e., hybrid 
ion-exchange materials. Hybrid ion-exchangers can be prepared as three-
dimensional porous materials in which layers are cross linked or as layered 
compounds containing sulphonic acid, carboxylic acid or amino groups. 
The reactivity of both organic and inorganic precursors is usually quite 
different and phase separation tends to occur. The properties of hybrid 
materials do not depend only on organic and inorganic components but also 
on the interface between both phases. The general tendency is therefore, to 
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increase interfacial interactions by creating an intimate mixing, or 
interpenetration between organic and inorganic networks. iVIoreover, tine 
formation of chemical bonds between organic and inorganic species would 
prevent phase separation, allowing the synthesis of molecular composites or 
organic-inorganic copolymers. Hybrid materials can thus, be divided into two 
classes^ '^*. 
> Class I corresponds to hybrid systems in which weak interactions 
such as van der Waals forces or hydrogen bonds or electrostatic 
interactions are created between organic and inorganic phases. 
This class involves mainly small organic species embedded within 
an oxide matrix. 
> Class II corresponds to hybrid compounds where both organic and 
inorganic components are bonded through strong covalent chemical 
bonds. 
Hybrid organo-inorganic materials open up a land of opportunities for 
materials science. These nanocomposites bridge high temperature materials 
such as glasses and ceramics with very fragile species such as organic 
compounds or biomolecules. In recent years, some hybrid ion-exchange 
materials have been synthesized in these laboratories, such as acrylamide 
and pyridine based zirconium and tin phosphates^^^"^^ -^^ ^ ,^ acrylonitrile 
based zirconium phosphate^^^. These materials have shown promising ion-
exchange characteristics and having utilization in the separation of metal 
ions due to their selectivity towards different metals ions. Table 1.4 
summarizes their ion-exchange capacities and selectivity towards metal 
ions. 
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Table 1.4: Some hybrid ion-exchangers prepared, so far and their 
selectivity for metal ions 
S.N. 
1. 
2. 
3. 
4. 
5. 
6. 
Name of the 
materials 
Styrene 
Zirconium(IV) 
Phosphate 
Acrylamide 
Zirconium(IV) 
Phosphate 
Pyridine 
Zirconium(IV) 
Phosphate 
Acrylonitrile 
Zirconiunn(IV) 
Phosphate 
Pyridine 
Tin(IV) 
Phosphate 
Acrylamide 
Tin(IV) 
Phosphate 
Ion-exchange 
capacity for 
Na*(meq/dry g) 
2.18 
2.26 
2.00 
2.08 
2.10 
2.10 
Selectivity 
Pb(ll) 
Hg(ii) 
Hg(ll) 
Sr(ll) 
Pb(ll) 
Hg(ii) 
X-ray nature 
Semi 
crystalline 
Crystalline 
Poorly 
crystalline 
Semi 
crystalline 
Poorly 
crystalline 
Poorly 
crystalline 
Reference 
193 
195 
196 
197 
196 
198 
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1.4. ORGANIC FIBROUS ION-EXCHANGERS 
Fibrous ion-exchangers are of great interest. They have drawn the 
attention of researchers and technologists as they exhibit a high efficiency in 
the process of sorption from gaseous and liquid media. The advantageous 
property of these materials is that they can be used in various convenient 
forms, such as clothes, conveyer belts, non-woven materials, staples, nets 
etc., thus opening up new possibilities for many technological processes. 
These materials consist of monofilaments of uniform size ranging in diameter 
between 5-50 pm. This predetermines short diffusion path of sorbent and 
high rate of sorption that can be about hundred times higher than that of the 
granular resins with a particle diameter of 0.25-1 pm, normally used in such 
processes. Hence, they are more applicable in large-scale processes and 
are of great importance now-a-days^^^"^°^. The fibrous ion-exchangers 
possess extremely high osmotic stability that allows them to be used in the 
multiple wetting and drying processes occurring at cyclic 
sorption/regeneration operations in air purification. The vahants of 
application of fibrous ion-exchange materials are illustrated in Figure 1.2. 
The literature shows that most of the researches on ion-exchange fibres 
have been carried out in Russia and Japan. A number of monographs^°^'^°^, 
reviews °^^ "^ °® and patents dealing with the preparations, properties, 
technologies, and possible areas of applications of fibrous ion-exchangers, 
have been published. 
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y\. y\. yv 
(c) 
Keoeneratior bath 
Figure 1.2: Some variants of applications of fibrous 
ion-exchangers 
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At the Institute of Physico-organic Chemistry of the Byelorussion 
Academy of Sciences (Russia), intensive research has been carried out on 
the development and preparation of different types of fibrous ion-
exchangers, and their applications for air purification from acidic and alkaline 
impurities^°^, preparative chromatography, water purification or extraction of 
ions of useful elements from gaseous media. The processes of water 
purification and extraction of useful substances as uranium, gold etc. have 
also been reported^^°'^^^. 
Soldatov^^ '^^ ^^ et al have developed two families of organic fibrous 
ion-exchangers which have the registered trademark "FIBAN®^^^. Fiban 
K-1^^^ is a strong acid cation-exchanger, prepared by sulphonation of 
styrene-divinylbenzene copolymer grafted onto polypropylene (PP) fibre. 
One of them is prepared by grafting polystyrene (PS) onto PP fibres at room 
temperature. It was carried out by the production of radicals in PP matrix 
initiated by 100 rad/s radiation. In other cases, about 2% vinyl benzene (VB) 
was added to the styrene. Figure 1.3 shows the scheme for preparation of 
the family of fibrous fiban ion-exchangers. 
The exchange capacity of fibrous ion-exchangers can be varied by 
changing the amount of polystyrene (PS) grafted onto PP fibres and degree 
of polymer analogous transformation. The grafting degree can be raised upto 
600% (6 weight parts of PS per one weight part of PP), the sulphonation 
degree to 1, amination degree to 1.2. The ion-exchange capacity of these 
ion-exchangers can be raised upto 4.5 meq/g. The problem in the synthesis 
of ion-exchange fibre (lEF) is compromisingly high exchange capacity and 
their mechanical properties (tensile strength and elasticity). An increase in 
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ion-exchange capacity leads to a decrease in the mechanical and textile 
characteristics. It is also important that swelling of fibres should be 
maintained within acceptable limits. The swelling of fibrous ion-exchangers 
can be varied by changing the grafting degree of PS, the divinylbenzene 
(DVB) content, the number of functional groups, the grafting condensations 
and treatment of fibres. 
Fiban A-1^^^, a strong base fibre, is a product of chloromethylation 
and subsequent amination of the same grafted copolymer with trimethyl 
amine. Fiban K-1 (cation) and A-1 (anion) exchangers have a chemically 
inert matrix, polypropylene. These exchangers are analogous to the common 
styrene-divinylbenzene ion-exchange resins and can be used for the same 
purposes. The fiban AK-22 is a weak base polyacrylic fibre. It is a complex 
forming polyampholyte containing imidazoline and carboxyl groups^^^. The 
osmotic stability of fibrous ion-exchangers based on polypropylene fibres 
appeared to be very high. They undergo thousands of swelling-contraction 
cycles upon alternate treatment with acid and base, as well as drying and 
wetting while the fibrous ion-exchangers with polyethylene fibres^^^ show a 
more homogeneous composition of functional groups and a higher elasticity. 
The most extensive studies in this field have been made in a number of 
institutes in Russia^^ "^^ ^^ and Japan (Toray lndustries)^^°"^^\ 
Various acrylic fibrous ion-exchangers possessing good ion-exchange 
and adsorption properties were prepared from time to time and have shown 
applications in the separation of metal ions. They have also been used as 
filters. 
26 
HjC—CH 
CH, 
HjC^CH 
o 
I 
H2C=CH 
^ o 
H2C=CH 
Polypropylene - graft [Styrene-DVB Copolymer] 
H1SO4. AT 
1. CH3OCHJCI; SnCU; 
ZttCla. AT 
2. (CH3)3N.AT 
' ' 
FIBAN K-I 
' 
Fro AN A-1 
1. CHjOCHaCl; SnCU; 
ZnClj, AT 
2. NaOH,AT 
3. HNO3, AT 
V 
FffiAN K-:. 
R COOH 
o 
S03H CH2-N" (^CH3)3Cr COOH COOH 
Figure 1.3: A technological scheme for preparation of FIBAN 
ion-exchangers 
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The acrylonitrle (AN) copolymer fibre cross-linked with hydrazine 
sulfate is a weakly acidic cation-exchanger^^^ having high ion-exchange 
capacity (8.4 m mole/g) and good physico-mechanical properties. It was 
prepared by the hydrolysis of AN copolymer fibre under basic conditions 
followed by cross-linking with hydrazine sulfate. 
Hwang^^^ et al prepared the amidoximated propylene containing 
acrylonitrile (AOPP-g-AN) fibrous ion-exchanger. They studied the 
adsorption characteristics of the synthesized material in brine water, by 
changing the column bed height packed with AOPP-g-AN fibrous ion-
exchangers. The swelling ratio of AOPP-g-AN in fibrous ion-exchanger was 
found to be 8.54 g/g for water and 8.87 g/g for H2O2 solvent. The 
ion-exchange capacity depends upon the degree of grafting and the 
maximum (3.99 meq/g) values were obtained at 100% degree of grafting. 
They synthesized^^'' sulfonated polypropylene containing acrylic 
acid/Styrene [PP-g-(AAc/Sty)], multifunctional cation-exchangers by the 
irradiation grafting of AAc and styrene onto PP stable fabric with e' beam 
accelerator and its subsequent sulphonation. Another ion-exchange complex 
fibre was also manufactured by Hwang^^^ et al by polymerizing AN and 
tetraethylene glycol dimethacrylate in 1:0.05:0.5 (mol/mol) under nitrogen 
atmosphere. They used inorganic solvent distribution followed by an 
amidoxime process for producing an adsorbent by reacting with the product 
with hydroxylamine solution 2:3 times (w/v) under N2 atmosphere; the dried 
adsorbent 1:0.05:0.5 (wt/wt) is then mixed and agitated to produce a mat. 
These ion-exchange complex fibres are used for isocyanation of uranium, 
lithium, boron etc. in sea-water and mine wastewaters. 
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Orlova^^^ et al prepared AN-based ion exchanging fibres by treating 
AN fibres for 85-95 min. at 150-160°C with a solution of polyethylene 
polyamine (PEPA) (8-12) and a solution of NaOH (0.2-0.3%) in glycol and 
simultaneously performing fixation of fibre tow, having the ratio of basic and 
acidic groups in the final fibre, 5:1. These fibres have high sorption capacity 
for Hg* and Cr*^ ions, i.e., 1,200 meq/g and 312 meq/g, respectively. They 
proposed the use of these ion-exchangers for the removal of heavy metal 
ions from industrial waste waters. 
High functional polyacrylonitrile (PAN) -based ion-exchange fibre was 
obtained^^"^ by preparing PAN fibre or fibre structure material and reacting in 
liquid amine compound having alkyl group; and then drying the fibre. A 
catalyst of metallic chloride was also mixed in liquid amine compound. The 
ion-exchange fibre (or textile) was prepared by pre-crosslinking^^^ PAN fibre 
(or textile) with 8-20% hydrazine hydrate solution at 110-120°C and 
0.1-0.25 MPa for 2-5 h and then hydrolyzing with 3-10% alkaline solution 
(NaOH, KOH, or, LiOH) at 110-130°C and 0-0.5 MPa for 2-5 h or with 
30-50% acidic solution (HCI, H2SO4, HNO3, or H3PO4) for 2-5 h. These ion-
exchange fibres and textiles were having strong adsorption ability to harmful 
gases and were also possessing high regeneration property. 
The ion-exchange fibre (lEF) of multifunctional groups was 
synthesized^^^ by using PANF as a raw material. The structure of this 
material was analysed by elemental analysis and IR spectrometry. The 
adsorption capacities and distribution coefficients for various metal ions such 
as Au(lll), Pd(ll), Pt(IV), Ru(IV), Rb(lll), Os(IV) and Ir(IV) were determined. 
The lEFs were found to have excellent adsorption and desorption properties 
29 
and were used for the separation and preconcentration of Au(lll), Pd(ll), 
Pt(IV) in the synthetic aqueous samples with the relative standard deviation 
1.79-2.00% and the recovery 95.0-97.5%. 
Dubov^^° et al prepared a fibrous ion-exchanger by alkaline hydrolysis 
of PANF in the presence of hydrazine at elevated temperature in a 
concentrated solution of an alkali metal salt of a weak acid, followed by 
treatment of the fibres with a reactive agent (an oxidizing agent). 
The PAN-PEPA ion-exchange fibres are weakly basic anion-
exchangers in OH" and CI" forms^^\ The sorbents based PEPA-modified 
PAN fibres were used for the concentration of Mo, W, Va, Cr, As and for the 
extraction of these elements from natural and wastewaters. 
The polypropylene (PP) fibres grafted with acrylic acid (AAc) were 
used as weakly acidic ion-exchanger^^^. The grafting reaction and properties 
of PP fibre and ion-exchanger based on AAc-grafted PP fibres were studied 
by Novoselova^^^ et al. In order to prepare fibrous ion-exchangers with 
improved capacity, the reaction conditions were optimized^^ for benzoyl 
peroxide initiated DMF-xylene solutions grafting of AAc onto PP fibre from 
PP textile waste. The PP fibre waste was modified^^^ by oxidation for 
introducing the grafting sites. These oxidized/modified fibres were 
characterized, and then AAc was grafted onto these oxidized PP fibres. 
The manufacturing, properties and applications of high-functional 
fibre-sheets such as fluoro-polymer sheets, poly (p-phenylene 
benzobioxazole) sheets, ion-exchange resin sheets, and ion-exchange fibre 
sheets were studied^^^"^"'^ . Novoselova^^^ et al prepared the styrene-grafted 
PP fibre by graft polymerization of styrene to PP fibre waste in the presence 
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of AIBN and benzoyl peroxide. The fibrous ion-exchanger was obtained by 
sulfonatlon of the graft copolymers. Various anionic groups, were, then fixed 
on this material. This fibrous ion-exchanger was the most effective ion-
exchanger for the selective recovery of gold in the presence of other metal 
cyanides^'*°. The gold loading capacities and selectivities of functionalized 
fibres with strong base or guanidine functional groups were compared 
favourably with conventional anion-exchange resin. 
The columns packed with ion-exchange fibres (lEFs) (manufactured 
from polystyrene and reinforcing polyethylene) were prepared in Toray 
Industries, Japan for the purification of water^'*\ The ion-exchanger was 
packed in the columns having diameter (D, 5-50 cm) and lengths ( L, 2-70 
cm) at L/D = 0.04-6, and packing density 0.10-0.30 gm/cc. 
The ion-exchangers based on polystyrene (PS) fibre, grafted by 
copolymerization with acrolein were prepared and were having amphoteric 
properties'^ '* .^ The ion-exchange properties were dependent on the nature of 
grafted polymers, solvent (water, acetone etc.) and irradiation dose. 
Recently, polyamide fibres grafted with oligomeric methyl phosphite borate 
have been synthesized having increased static exchange capacity for 
removing heavy metals from wastewater '^*^. Ion-exchange fibres have also 
been synthesized by spinning the mixture of polymers^'*'', graft 
copolymerization^'*^ and by radiating UV rays, i.e., ultraviolet grafted ion-
exchange fibres^"^ useful for electric deionizers. Zeng '^*'^  et al prepared 
advanced functional fibres especially activated C-fibres, ion-exchange fibres 
and chelating fibres. These fibres are used in waste gas treatment, recovery 
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of precious metals, separation of rare earth metals, wastewater treatment, 
and in the environmental protection "^*®. 
Like fiban, VION® fibrous ion-exchangers have also been studied. All 
the VION fibres^"*^ are acid resistant but can undergo hydrolysis of nitrite 
groups to carboxylic groups in alkaline solutions. Na2C03 solutions were 
recommended for the regeneration of these ion-exchange fibres. Water 
vapour sorption by the carboxylic group containing chemisorptive fibres in 
different ionic forms of acrylic fibre VION has also been studied. 
VION-chemisorptive fibres have been prepared in concentrated hydrazine 
hydrate solution^^° which exhibited satisfactory mechanical properties and 
met the requirements for textile processing. 
Ion-exchange fibres open new technological possibilities for metal ion 
recovery, purification of water and treatment of water in natural reservoirs. 
The recent research progresses on ion-exchange fibres have been 
reviewed^^^"^^^ and a perspective for their development has been given. The 
applications of lEFs include H2O treatment process, packed electro-dialysis, 
wastewater treatment and the purification and separation of gases such as 
CO2, H2S, NH3, SO2 etc. The lEFs may also be used^" to remove acidic 
substances, transition metal ions from non-aqueous solutions. Strongly 
acidic ion-exchange fibre has been synthesized^^"* having good stability and 
strong acidity. It can be used as ion-exchanger or as a solid acid catalyst. 
Fibrous ion-exchangers have also been used in metallurgical 
applications. Kautzmann^^^ et al used of FIBAN fibrous ion-exchangers for 
the recovery of gold cyanide and base-metal cyanides (copper and mercury) 
from mineral leaching solutions. Multifunctional lEFs prepared by 
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Hwang^^^ et al find uses in the recovery of valuable metals from seawater, 
industrial wastewaters and mine drainage. A method and an apparatus was 
provided^^^ for the recovery of valuable metal from plating wastewater using 
lEFs and ion-exchange resins. lEFs are also useful in the removal of heavy 
metals - Cd, Zn, Hg, Pb from wastewater^^®. 
The sorption of Fe^", Cr^", Cu^", Cd2^ Ni^", Zn^", Mn^", Ca'", As'", 
As^*, and SO2 by PAN-based fibrous ion-exchangers'^^"'^° containing 
primary, secondary and tertiary amino and carboxyl groups were also carried 
out and the sorption isotherms at different pH of the solution were studied 
and reported. Nitron based fibrous sorbents, i.e., AN-1 and Kopan-10, 
Kopan-60, Kopan-90, Kopan-150, Karpan and Ampan polyampholytes 
showed their high effectiveness in the removal of Cr, Cd, Zn, and Cu ions 
from electroplating wash waters'^V A method for fabricating hybrid ion-
exchange fibre^^^ of adsorbent cake type which separates air pollutants, 
removes heavy metals from liquid phase waste and recovers valuable metal 
at high efficiency has been provided. 
Fibrous ion-exchangers are used in solidification of radioactive 
wastes^^^, removal of harmful substances'^, removal of arsenate from 
wastewater'^^, recovery of high purity zinc oxide from steelmaking dust'^^ 
and separation of uranium and cobalt ions'^^ from sea water and cooling 
water of nuclear reactor, respectively. Polystyrene-based fibrous ion-
exchangers (especially lonex series) have been used for water purification in 
nuclear plants'^ ®. Sulphonated polyethylene terephthalate (PET)-g-glycidyl 
methacrylate (GMA) fine exchange fibres were synthesized'^^ and used in 
water treatment by photopolymerization. The polymeric fibrous ion-
33 
exchangers are used in the multilayered (7-layer) apparatus^''", used for 
disinfection and purification of water. The apparatus for production of pure 
water^ ^^ includes fibrous filtering material as the impurity removing device. 
Non-woven fabric filter^^^ was obtained in Japan, by mixing ion-
exchange fibres (e.g., cation or anion-exchange fibres) and low m.p. binder 
fibres (e.g., polyester and polypropylene fibres) to form raw material fibres. 
These filters can be used for the removal of cations (e.g., Na*, NH4'^ ), anions 
(e.g., F', S04^", CI"), dust etc. Ion exchanging fibres containing non-woven 
material^^^ have been synthesized. Such type of materials are used for 
manufacturing the devices used for protecting human organisms from toxic 
substances, vapors, gases and in protective decorative absorbing articles of 
rooms. An ion-exchange textile is also used for electro-deionization 
process^^^. Ion-exchange fibre fabrics, having a large adsorption capacity 
and a high catalytic activity were prepared by electrospray deposition '^^ ^ 
(ESD). Soldatov^^^ et al described the basic chemical and mechanical 
properties of FIBAN K-1 ion-exchange fibres which are used in preparing 
non-woven filtering medium for deep air purification. 
Fibrous ion-exchangers are used as air purifiers for cleaning room of 
semiconductor industry^^^ and, also having good antibacterial effects '^^ ^. 
These air purifiers have good effects for effectively killing bacteria and 
purifying volatile toxic substances. The antibacterial viscose fibres '^^ ^ with 
ion-exchange properties have been manufactured. These fibres carry a 
metal cation, especially Zn-cation, as bactericidal agent. 
Fibrous ion-exchangers can also be used in the form of filters which 
can be synthesized by radiation graft polymerization (eg, polyolefins). The air 
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filters are used for removing dusts and salts from air^°°. The filtering 
materials are made of Ag* exchanged ion-exchangers (as antibacterial 
agents), fibrous ion-exchanger and activated C-powder or fibrous activated 
carbon^®^ or, lEF and activated carbon^® ,^ suitable for air purification. 
Sugo^ ®^ et al (Japan), used ion-exchanger fibre-based antibacterial air filters 
consisting lEFs (graft polymer compounds) which removed micro-organisms 
floating in air and recommended suitable for use in air conditioning systems. 
Ion-exchange filters are useful in preventing tooth deca/^'*. For that 
purpose, a method fof manufacturing the fluoride ion release filter material 
have been given to obtain drinking water capable of preventing tooth decay 
by correcting the fluoride ion content in drinking water to a desired level. Ion-
exchange filters are also used in fuel cell system to reduce electrical 
conductivity of circulating cooling water^^^. 
Hayashi^^^ et al used lEFs in filtering material for chemical filter. The 
chemical filters can remove volatile substances and ions from clean room of 
semiconductor industry^^^, etc. Tanahashi^°° et al synthesized chemical filter 
possessing a large ion-exchange capacity per unit volume which exhibited 
high initial performance of eliminating gaseous pollutants and excellent 
durability of the elimination performance. Fibrous ion-exchangers are used in 
removing tobacco smoke^®^ and its odor from air and are also used as dry 
scrubbers^^° which remove ionic substances from waste gases of chemical 
plants. 
As it is clear from the above discussion, the organic fibrous ion-
exchangers have wide ranging applications in environmental studies. 
However, because of their organic nature, they are not very stable at 
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elevated temperatures and under strong radiations. This instability restricts 
their use in such conditions. Hence, our interest has been to produce hybrid 
type of fibrous ion-exchangers which may be useful at elevated 
temperatures and under strong radiations. 
1.5. INORGANIC FIBROUS ION-EXCHANGERS 
The study of insoluble crystalline acid salts of tetravalent metals has 
facilitated the preparation of several new crystalline fibrous inorganic ion-
exchangers. Cerium(IV) phosphate is probably the first fibrous inorganic ion-
exchanger^^'^^'^^\ prepared by Alberti et al in 1968. Fibrous cerium(IV) 
phosphate has tendency to form flexible sheets similar to the cellulose 
paper^^ .^ These fibrous sheets have been found highly selective for certain 
cations, such as, Pb(ll), Ag(I), Tl(l) and K(l). Later on, fibrous thorium 
phosphate^^ '^^ ^^, titanium phosphate"^'^^^ and titanium arsenate"^ were 
also prepared. The interesting property of fibrous inorganic ion-exchangers 
is that they can be used in preparation of ion-exchange papers. As they 
suffer poor mechanical strength, suitable comonomers were, therefore 
incorporated into their matrix to overcome this shortcoming. 
1.6. HYBRID FIBROUS ION-EXCHANGERS 
Varshney^^^"^°^ et al observed that when certain fibrous inorganic ion 
exchangers like Ce(IV) phosphate and Th(IV) phosphate were combined 
with the organic species, they also possess fibrous nature. This new class of 
ion exchangers was termed as "Hybrid fibrous ion-exchangers". A recent 
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interest has been developed in the preparation of hybrid fibrous ion-
exchangers as they exhibit outstanding chemical, mechanical and thermal 
stability in addition to metal ion selectivity. These hybrid exchange materials 
have the added advantages of both of their counterparts. They have shown 
good chemical and mechanical stability conversant to the organic resins and 
good thermal stability, a well-know/n characteristic of inorganic ion-
exchanger. Varshney and coworkers have synthesized a large number of 
hybrid fibrous ion-exchangers^^^'^°^ in these laboratories by incorporating 
organic monomeric (eg, acrylamide, cellulose actetate etc), or polymeric 
species (eg, polyacrylonitrile, polystyrene etc) into fibrous inorganic ion-
exchangers, i.e., Ce(IV) and Th(IV) phosphates. They characterized these 
materials by X-ray, IR, SEM, TGA/DTA studies in addition to their ion-
exchange capacities, pH-titrations, elution, concentration, thermal and 
adsorption behaviour. Kinetic studies have also been performed on 
acrylonitrile and acrylamide based cerium and zirconium phosphates^°^^°^ to 
understand the mechanism of their ion-exchange and adsorption behaviour. 
These new materials have shown promising ion-exchange characteristics as 
supported by some important binary separations achieved practically. 
Table 1.5 summarizes their ion-exchange capacities and selectivity towards 
metal ions. This table indicates that these materials are very useful for the 
separation and removal of heavy metals like Hg(ll), Pb(ll) and Cd(ll) from 
aqueous media. Further, because of the fibrous nature of these materials, 
new technological possibilities have emerged as they can be used in 
different convenient forms. The studies on hybrid fibrous ion-exchangers are 
still in the stage of infancy. Very little studies have been reported so far on 
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such materials. The main problem associated with the hybrid fibrous ion-
exchangers has been spinning of these materials and to obtain mechanically 
strong materials with high ion-exchange capacity. It is generally observed 
that an increase in ion-exchange capacity always leads to a decrease in the 
mechanical and tensile strength. 
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Table 1.5: Some hybrid fibrous ion-exchangers prepared, so far and 
their selectivity for heavy metal ions 
S.N 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
Name of the 
materials 
Polyacrylonitrile 
Thorium(IV) 
Phosphate 
Polystyrene 
Cerium(IV) 
Phosphate 
Polystyrene 
Thorlum(IV) 
Phosphate 
Acrylonitrile Cerium 
(IV) Phosphate 
Acrylamide 
Cerlum(IV) 
Phosphate 
Acrylamide 
Thorium(IV) 
Phosphate 
Pectin Cerium(IV) 
Phosphate 
Pectin Thorium(IV) 
Phosphate 
Cellulose acetate 
Thorium(IV) 
Phosphate 
Pyridine Cerium(IV) 
Phosphate 
Pyridine Thorium(IV) 
Phosphate 
n-Butyl acetate 
Cerium(IV) 
phosphate 
Ion-
exchange 
capacity for 
Na* 
(meq/dry g) 
3.90 
2.95 
4.52 
2.86 
2.60 
2.00 
1.78 
2.15 
1.70 
2.00 
2.10 
2.25 
-
Selectivity 
Pb(ll) 
Hg(ii) 
Cd(ll) 
Hg(ii) 
Hg(ii) 
Pb(ll) 
Hg(ii) 
Pb(ll) 
Pb(ll) 
Hg(ll) 
Pb(ll) 
Hg(ii) 
X-ray nature 
Microcrystalline 
Microcrystaliine 
Crystalline 
Poorly 
crystalline 
Crystalline 
Poorly 
crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Reference 
295 
296 
297 
298 
299 
300 
301 
301 
302 
303 
304 
305 
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1.7. SURFACTANTS 
Surfactants constitute the most important group of detergent 
components. 'Surfactant is an abbreviation for surface-active agents, wliich 
literally means 'active at the surface'. The surface can be betv\/een solid and 
liquid, between air and liquid and, between two different immiscible liquids. 
The unique property of surfactants is "adsorption" which occurs at 
liquid/solid, liquid/liquid, and at air/liquid interfaces which is shown in 
Figure 1.4. At air-water interfaces and in water, or similarly strongly 
hydrogen-bonded solvents, they self associate at concentrations above the 
critical micelle concentration (cmc) to form association colloids, known as 
•micelles'^°\ 
Thus, "surfactants, surface-active agents^^° or, detergents are 
amphiphilic, organic or organo-metallic compounds which form association 
colloids or micelles in solution". Amphiphilic substances or amphiphiles 
comprised of a hydrophobic portion, usually a long alkyl chain, attached to 
hydrophilic or water solubility enhancing functional groups. Actually, 
surfactant molecule consists of 2 parts: a water-hating (hydrophobic) part 
and a water-loving (hydrophilic) part. The following figure shows the basic 
structure of a surfactant molecule. 
A hydrophilic part - water loving A hydrophobic part - water hating 
(^^)v/\A/W\/\ 
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Liquid 
OOCOOOOOOO Liquid 
oooooooooo 
7 J I 7 7T7 
Liquid 
Hydrophobic 
solid 
7T7 
Liquid 
Polar solid 6666666666 
Air 
Liquid 
Figure 1.4: Adsorption of surfactants at interfaces 
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Surface-active agents are often called by other names such as 
surfactants (particularly in USA), association colloids, colloidal electrolytes, 
annphiphiles, amphipathic compounds, heteropolar tensides (particularly in 
Europe) or, in the very old literature, paraffin-chain salts. It should be noted, 
however, that whereas most detergents (from the Latin, detergene-
cleansing) are surface-active agents, but not all surfactants, surface-active 
agents are detergents. 
There are 3 basic concepts which need to be well understood in order 
to explain the majority of observed phenomena; these are solubility, 
adsorption of a surfactant at a surface, and the formation of micelles in 
solution. These three phenomena differentiate a surfactant from other 
chemical entities. It is the abnormal solubility characteristics of surfactants 
that give adsorption, and form micelles. Surfactants reduce surface tensions 
when dissolved in water or water solutions, reduce interfacial tensions 
between two liquids, or between a liquid and a solid^^V When a surfactant 
molecule is introduced into water, the water-hating part tends to escape by 
attaching itself to any available surface other than water. At the same time, 
the water-loving part tries to remain in water. As a result, surfactants get 
strongly "adsorbed" to many surfaces, such as fabric, soil, glass and where 
the water and air meet (i.e., water/air interface). This tendency of surfactants 
is useful: 
• In the removal of the soils from surfaces, 
• In holding soil particles in suspension form and preventing them from 
redepositing onto the surface. 
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• In reducing surface tension of water and allow the water to spread 
out. 
The unusual properties of aqueous surfactant solutions can be 
ascribed to the presence of a hydrophilic head group and a hydrophobic 
chain (or tail) in the molecule. The polar or ionic head group usually interacts 
strongly with an aqueous environment, in which case it is solvated via dipole-
dipole or ion-dipole interactions. Depending on the chemical structure of the 
hydrophilic moiety bound to the hydrophobic portion, the surfactants may be 
categorized into following types-
• Anionic surfactants 
• Cationic surfactants 
• Nonionic surfactants 
• Amphoteric surfactants 
• Gemini surfactants 
1.7.1. ANIONIC SURFACTANTS 
Anionic surfactants^^^ are those in which the head group of surfactant 
bears negative charge on ionization and is surface-active. The most 
frequently used anionic surfactants are alkali or alkaline earth metal salts of 
mono or polybasic carboxylic (fatty) acids and of sulfuric, sulphonic and 
phosphoric acids containing a saturated or unsaturated hydrocarbon 
substituent. A general formula may be ascribed to anionic surfactants as 
follows: 
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• Carboxylates: CnH2n+iC00"X 
• Sulphates: CnH2n+iOS03"X 
• Sulphonates: CnH2n+iS03"X 
• Phosphates: CnH2n+iOPO(OH)0"X 
With n = 8-16 atoms and the counter ion 'X is usually Na"^ . 
Several other anionic surfactants are commercially available such as 
sulphosuccinates, isethionates and taurates and these are sometimes used 
for special applications. Anionic surfactants are effective in removing 
particulate (dirt, dust etc.) and oily soils. In hard water, they react with 
positively charged water hardness minerals such as calcium and 
magnesium. In general, anionic surfactants tend to generate higher suds 
level than the other class of surfactants. 
1.7.2. CATIONIC SURFACTANTS 
Cationic surfactants^^^ are those in which the positive ion is surface-
active. They have the general formula of RnX*Y', where 'R', represents one 
or more hydrophobic chains, 'X is an element capable of forming an "onium" 
structures, and 'Y, is the counter ion. Cationic surfactants are usually 
quaternary ammonium salts, R4N"'X'. 
For eg-
-f _ 
Cetyltrimethylammonium bromide CH3(CH2)i5 N (CH3)3Br 
Dodecylamine hydrochloride CH3(CH2)ii NH3CI 
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Cationic surfactants can be used as effective antimicrobial agents in 
hard surface cleaners. 
1.7.3. NONIONIC SURFACTANTS 
Nonionic surfactants^^'* are those in which the whole molecule is 
surface-active. They do not have an electrical charge, but the molecules are 
polar. Most nonionic surfactants are polyoxyethylene and polyoxypropylene 
derivatives of compounds such as alkyl phenols and alcohols, fatty acids, 
esters and alkyl amines, amides and mercaptans or, polyalcohols, 
carbohydrate esters, fatty alkanol amides and fatty amine oxides. 
For eg-
N, N-dimethyldodecylamine oxide 
CH3(CH2)ii N(CH3)2 
o 
Polyoxyethylene monohexadecyl ether 
CH3(CH2)i5 0(CH2CH20)2iH 
Because of absence of electrical charge, they tend to be less 
seriously affected by water hardness. In general, they are low foaming and 
are especially useful in products which are designed to require little hnsing. 
1.7.4. AMPHOTERIC (ZWITTERIONIC) SURFACTANTS 
The amphoteric surfactants^^^ are those in which there are more than 
one surface-active species in a molecule. They possess both anionic and 
cationic groups on the hydrophobic moiety. Depending on the pH of the 
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solution and the structure, they can behave as either an anionic, cationic or 
neutral species. The betaines are a very important class of zwitterionic 
surfactants and Include aikylbetaines, heterocyclic betaines. 
For eg-
N-dodecyl-N,N-dimethyl betaine 
Cl2H25N*(CH3)2CH2COO-
3-(dimethyldodecylammonio) propane-1- sulfonate 
CH3(CH2)iiN*(CH3)2CH2CH2CH2S03" 
The main characteristic of amphoteric surfactants is their dependence 
on the pH of the solution in which they are dissolved. In acid solutions, the 
surfactant molecule behaves like a cationic surfactant, whereas in alkaline 
solutions, they behave like an anionic one. A specific pH can be defined at 
which both ionic groups show equal ionization (i.e., the isoelectric point of 
the molecule), as shown below: 
N* COOH • N* COO- • NH COO" 
^ ^ 
Acid pH < 3 isoelectric pH > 6 alkaline 
1.7.5. GEMINI SURFACTANTS 
Gemini surfactants^^^^^^ are those dimeric surfactants in which two 
identical amphiphilic moieties are connected at the level of the head groups. 
These twin parts of the surfactants are linked by a spacer group of varying 
length (most commonly a methylene spacer or, an oxyethylene spacer). 
Thus, an ionic Gemini has sequence; a long hydrocarbon chain, an ionic 
group, a spacer, a second ionic group and, hydrocarbon tail. A block 
diagram of a typical gemini surfactant is shown here: 
46 
Spacer 
Illustration of a Gemini surfactant 
Gemini surfactants possess a number of superior properties as 
compared to conventional single-headed, single-tailed surfactants. The 
gemini's manifest lower cmc, increased surface activity, lov^er surface 
tension at the cmc, enhanced solution properties such as hard-water 
tolerance, superior wetting times and lower surface kraft points. 
1.8. MICELLE FORMATION AND CRITICAL MICELLE 
CONCENTRATION (CMC) 
The formation of micelles in aqueous solution is generally viewed as a 
compromise between the tendency for alkyl chains to avoid energetically 
unfavorable contacts with water, and the desire for the polar part to maintain 
contact with aqueous environment. In dilute aqueous solution, at 
concentration generally less than 10"^  M, the behaviour of ionic surfactants 
parallels that of strong electrolytes while the behaviour of nonionic 
surfactants often resembles that of the simple organic molecules. At higher 
surfactant concentrations, however, a pronounced deviation from "ideaf 
behaviour in dilute solution occurs - this deviation generally being 
considerably larger than that exhibited by simple strong electrolytes. Thus, 
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the adsorption of a surfactant from solution onto a surface depends upon the 
concentration and Figure 1.5 shows the effect of increasing concentration^^^. 
At very low concentration (I, II), the molecules lie flat on the surface. As the 
concentration (III) increases, the surfactant molecules begin to orient and at 
the concentration (IV), the surfactant molecules form monolayer, this 
particular concentration is of our practical importance and known as the 
'critical micelle concentration'. At concentration (V), where the surfactant 
molecules form an ordered structure, known as "micelle", is called as "critical 
micelle concentration" (CMC). 
Each surfactant has a characteristic CMC value. The most obvious 
evidence of micellar growth is probably the dramatic increase in viscosity 
with increasing concentration which is observed in several surfactant 
solutions. Micellar grov^h is favored by decreasing the temperature, adding 
electrolyte and lengthening the surfactant chain length and is, furthermore, 
very sensitive to the nature of the counter ion. 
The physico-chemical properties of surfactants vary significantly 
below and above the cmc value^^ ®'^ ^^ . Below the cmc value, the physico-
chemical properties of ionic surfactants resemble those of a strong 
electrolyte. Above the cmc value, these properties change dramatically, 
indicating a highly co-operative association process. The general way of 
obtaining the cmc value of a surfactant micelle is to plot an appropriate 
physico-chemical property versus the surfactant concentration and observe 
the break in the plot^ ^ '^^ ^ .^ Figure 1.6 reveals the changes in various 
physico-chemical properties with surfactant concentrations. 
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Concentration Water/hydrophobic surface Water/hydrophilic surface 
Very low 
I and II j z z r z O — i = 0 ~ X) I Q— 
Low 
IV 
Monolayer 
at CMC 
QQOOQOO 
--o&y&xxi-
Above CMC 
V 
OQOOOOQ 
QOOOQOO 
-^xxxxxxy-
Figure 1.5: Adsorption and concentration 
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Figure 1.6: Variation of physical properties with surfactant 
concentration 
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Depending upon the chemical structure of the surfactant, its micelle 
can be cationic, anionic, zwitterionic, or nonionic. The electrostatic character 
of the micelles depends in some cases, on the pH of the aqueous solution 
due to protonation equilibria. Zwitterionic surfactants, of course, also can 
become either cationic or anionic, and several types of nonionic surfactants 
can also form anionic or cationic micelles in the appropriate pH range. 
Micelles are not static species but rather exist in a dynamic equilibrium. The 
micelle may be represented as a globular, cylindrical or ellipsoidal cluster^^^ 
of individual surfactant molecules in equilibrium with its monomer^° '^^ ^^. The 
reverse orientation of the hydrophilic and hydrophobic part of the surfactant 
in a hydrocarbon medium leads to the formation of reversed micelles^^^. 
Figure 1.7 shows the two-dimensional schematic representation of the 
different regions of spherical ionic micelles. 
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Figure 1.7: A two-dimensional representation of regions of a 
spherical ionic micelle 
Where X —>• counter ions; 
O —> head groups; 
AAAAA _^ hydrocarbon chain. 
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1.9. SURFACTANT ADSORPTION AND SURFACE 
PROPERTIES 
The effectiveness of surfactant adsorption is mainly determined by 
surfactant concentration, surfactant functional group, alkyl hydrocarbon 
chain length, environment etc. When the surfactant concentration is well 
below the CMC value, individual surfactant molecules tend to adsorb on 
exposed interfaces to reduce surface tension. As the concentration of 
surfactant approaches the CMC value, surfactant molecules form dimmers, 
and multiple molecules aggregate, micelles. Once the CMC is reached, any 
additional surfactant molecules added to the system will be incorporated into 
new or existing aggregates. Thus, further increase of surfactant 
concentration above the CMC value, results in bilayer or multilayer formation 
at interface. The adsorption tendency of the surfactants at the surfaces 
imparts the properties of foaming, wetting, emulsification, dispersing of solids 
and detergency. The adsorption increases the concentration of surfactant at 
the surfaces. Surfactant adsorption is a consideration in any application 
where surfactants come in contact with a surface or interface. It is from 
solutions that surfactants then preferentially adsorb to interfaces and 
because of their amphiphilic nature, preferentially segregate at interfaces. 
There are a number of areas of applications where surfactant adsorption is 
important including ore floatation, improved oil recovery, soil remediation, 
detergency, surfactant based separation processes, and wetting. Surfactant 
adsorption may occur due to electrostatic interactions, van der Waals 
53 
interaction, hydrogen-bonding, and/or solvation and desolvation of adsorbate 
and adsorbent species ^^ .^ 
The hydrophobic forces that drive surfactants to segregate at air-
water interfaces are essentially the same that drive surfactant adsorption 
onto solid surfaces. However, they can be differing in the chemical forces 
associated with the solid surfaces. Ionic surfactants tend to adsorb onto 
oppositely charged solid surfaces due to electrostatic forces while adsorption 
of ionic surfactants on a like charged substrate, being less understood, can 
occur via hydrogen-bonding or attractive dispersion forces^^^, as is the case 
for nonionic surfactants. 
The number of industrial applications of surfactants is huge, and 
represents the subject of several book series. However, in analytical 
chemistry, surfactants have been recognized as being very useful in 
improving analytical technology, e.g., in chromatography^^° and 
luminescence spectroscopy^^V The use of surfactants in chromatography, 
particularly in ion-exchange is of our interest. It is well-known that surfactants 
are composed of two parts - hydrophobic and hydrophilic, which are 
oppositely charged, and the surfactants also act as ion-exchangers. When 
their solutions are kept in contact with solid material, they are adsorbed on 
the solid surface remaining their hydrophilic part in the solutions due to their 
surface-active property and they make that surface 'active'. It is clear from 
the above discussion that they play an important role in the adsorption 
behaviour of the molecules. 
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STATEMENT OF THE PROBLEM 
In the present scenario, environmental pollution is one of the biggest 
and most challenging problems for human beings. Due to indiscriminate 
industrialization, pollution is increasing day by day. Industries usually 
discharge waste waters into ponds, lakes and rivers, thus causing water 
pollution. Ion-exchangers have been of great use for purification and 
softening of water since their discovery. In recent years, hybrid ion-
exchangers have taken attention of analysts or environmental chemists as 
they are chemically, mechanically and thermally stable and have utility in 
metal separations of industrial and analytical importance. 
Surfactants are dean substances and capable of modifying the 
adsorption characteristics of inorganic ion-exchangers. Our preliminary work 
showed that the use of surt'actant media for the separation and removal of 
alkaline earths and heavy metal ions from aqueous systems, gave very 
satisfactory results. After getting these encouraging results, we have tried to 
introduce surfactants in the matrix of inorganic ion-exchangers. Since 
surfactants are the substances possessing the ion-exchange characteristics 
also, it is of great significance to see how they can alter the ion-exchange 
properties when they are present in the matrix of inorganic ion-exchangers. 
The surfactants have not, yet been used in the preparation of hybrid ion-
exchangers. However, some of these have shown ion-exchange properties, 
separately. To elaborate it further it was thought worthwhile to synthesize 
and study in detail the surfactant based hybrid ion-exchangers. In view of 
this, syntheses of sodium dodecyl sulphate, N-dodecyl pyridinium chloride, 
N-cetyl-N,N,N-trimethyl ammonium bromide \ and triton X-1Qu l^sed 
cerium(IV) phosphates as hybrid fibrous ion-exchangers ao^r^-dodecyl 
pyridinium chloride and triton X-100 based tin(IV) phosphates as hybrid non-
fibrous ion-exchangers have been carried out with the objective to mal<e 
them clean, effective and durable ion-exchangers. These synthesized ion-
exchangers have been well characterized by ion-exchange and some 
physico-chemical studies such as, X-ray diffraction, IR, scanning electron 
microscopy, thermal and elemental analysis. Their potential role in 
environmental pollution-control has also been explored successfully by 
achieving various metal ion separations. The work done has been divided 
into the following chapters: 
Chapter 2: "Experimental" which includes the materials and methods used 
during the whole studies. 
Chapters: Describes the ion-exchange and physico-chemical studies of 
the sodium dodecyl sulphate, N-dodecyl pyridinium chloride, N-
cetyl-N,N,N-trimethyl ammonium bromide and triton X-100 
based cerium(IV) phosphates, hybrid fibrous ion-exchangers. 
Chapter 4: Describes the ion-exchange and physico-chemical studies of 
the N-dodecyl pyridinium chloride and triton X-100 based 
tin(IV) phosphates, hybrid ion-exchangers. 
Chapter 5: Describes the adsorption behaviour of these synthesized 
materials for some alkaline earths and heavy metal ions In 
different acidic media and some binary separations of metal 
ions on their columns. 
EXPERIMENTAL 
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2.0 MATERIALS AND METHODS 
2.1. REAGENTS AND CHEMICALS 
The reagents and chemicals, used throughout the experimental work 
are listed in Table 2.1. 
2.2. INSTRUMENTATION 
X-ray diffraction studies were performed on a Philips Analytical 
X-ray B.V. diffractometer type PW 170 B.V. model and IR studies were 
carried out on Shimadzu 8201 PC spectrophotometer. For TGA/DTA/DTG, 
Perkin Elmer Pyris Diamond model was used whereas pH-titration studies 
were performed by using an Elico pH-meter, model LI-10. Elemental 
analysis (C, H, N and S) was carried out by Heraeus Carlo Erba 1108 
analyzer while cerium, tin and phosphorus were determined by Inductively 
Coupled Plasma Atom Emission spectrometer model no. 8440. SEM studies 
were done by JEOL model JSM 840. 
2.3. PREPARATION OF THE REAGENT SOLUTIONS 
Solutions of 0.05M eerie sulphate were prepared in 0.5M H2SO4 and 
those of 0.3M tin(IV) chloride and phosphoric acid (0.6M and 6M) were 
prepared in demineralized water (DMW). Stock solutions of 0.01 M sodium 
dodecyl sulphate (SDS), 0.01 M N-dodecyl pyridinium chloride (DPC), 
0.0001 M triton X-100 (TX-100), 0.001 M N-cetyl-N,N,N-trimethyl ammonium 
bromide (CTAB) were also prepared in deminerlized water (DMW). 
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2.4. SYNTHESIS OF THE SURFACTANT BASED HYBRID 
ION-EXCHANGE MATERIALS 
2.4.1. SYNTHESIS OF SDS, DPC, CTAB AND TX-100 
BASED CERIUM (IV) PHOSPHATES 
A number of samples of SDS, DPC, CTAB and TX-100 based Ce(IV) 
phosphates (SDS-CeP, DPC-CeP, CTAB-CeP and TX-100CeP) were 
prepared by adding drop-wise one volume of 0.05M eerie sulphate solution 
to two volumes of a (1:1) mixture of 6M H3PO4 and respeetive surfaetant 
solutions. The surfaetant concentrations were adjusted in such a way that 
their concentrations were below and above cme values and in the vicinity of 
cmc. The concentrations of SDS and DPC were taken 0.001 M, 0.01 M and 
0.1M; for CTAB - 0.0001M, 0.001M and 0.01M and for TX-100 - 0.00001M, 
0.0001 M and 0.001 M. Constant stirring was done during the mixing, using a 
magnetic stirrer at temperature 60±5°C. The resulting slurry was stirred for 
3/4 hours at this temperature and stayed overnight and then, filtered and 
washed with demineralized water (DMW) till pH~4. The synthesized material 
was left to dry at room temperature to form a sheet. It was, then cut into 
small pieces and converted into H* form by treating it by 1M HNO3 for 24 
hours with occasional shaking. Finally, the product was washed with DMW to 
remove excess of acid, dried at 45°C and sieved to obtain particles of 50-70 
mesh sized. 
Ce(IV) phosphate (CeP) has been synthesized by adding drop-wise 
one volume of 0.05M eerie sulphate solution to one volume of 6M H3PO4 
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solution. Constant stirring was done during the mixing; using a magnetic 
stirrer at temperature 60+5°C and the resulting slurry was treated further by 
the same method, as given above to obtain 50-70 mesh sized particles. 
2.4.2. SYNTHESIS OF DPC AND TX-100 BASED TIN(IV) 
PHOSPHATES 
A number of samples of DPC and TX-100 based Sn(IV) phosphates 
(DPC-SnP and TX-100SnP) were synthesized by adding one volume of 
0.3M tin chloride drop-wise in two volumes of a (1:1) mixture of a 0.6M 
H3PO4 and DPC/TX-100 solutions of concentrations, described above with 
constant stirring. The resulting slurry was stayed overnight and then filtered 
and washed with DMW till pH~4. The material was then dried at room 
temperature and the dried gel was cracked into small granules by putting in 
DMW and was converted into H'" form by treating with 1M HNO3 for 24 hrs. 
The material was then, washed with DMW to remove excess of acid, dried at 
room temperature and sieved to 50-70 mesh sized particles. SDS and 
CTAB have also been tried to introduce into the matrix of Sn(IV) phosphate, 
however, the results have not been found satisfactory. 
Sn(IV) phosphate (SnP) has been synthesized by adding one volume 
of 0.3M tin(IV) chloride dropwise into one volume of 0.6M H3PO4 solution 
with constant stirring and the resulting slurry was stayed overnight and then, 
treated as given above to obtain 50-70 mesh sized particles. 
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2.5. DETERMINATION OF ION-EXCHANGE CAPACITY 
The ion-exchange capacities (i.e.c.) of the samples were determined 
by the column process by taking 1g of the ion-exchange material in H"" form 
in a glass tube of internal diameter~1cm, fitted with glass wool at its bottom. 
250 ml of 1M NaNOs solution was used as eluant, maintaining a very slow 
flow rate (~0.5 ml min'Y The effluent was titrated against a standard alkali 
solution to determine the total H"" ions released. 
2.6. DETERMINATION OF ELUANT CONCENTRATION 
The extent of elution was found to depend upon the concentration of 
the eluant. Hence, a fixed volume (250 ml) of the NaNOa solution of varying 
concentrations (i.e., 0.2M to 1.2M) was passed through the column 
containing 1g of the exchanger and the effluent was collected and titrated 
against a standard alkali solution (0.1M NaOH) for the H^ions, eluted out. 
2.7. ELUTION BEHAVIOUR 
The optimum concentration of the eluant for the complete elution of 
H"" ions in 250 ml NaNOa was found to be 1M. Then, a similar column (as 
described above) containing 1g of the exchanger was eluted out with 
1M NaNOs solution in different 10 ml fractions with a minimum flow rate as 
described above. 
60 
2.8. pH-TITRATION STUDIES 
pH-titrations were performed by the Topp and Pepper's method ^^ .^ 
Various 500 mg portions of the exchangers in H'*' form were placed in each 
of the several 250 ml conical flasks containing equimolar solutions of alkali 
metal chlorides and their hydroxides in different volume ratios, the total 
volume being kept at 50 ml maintain the ionic strength constant. The pH of 
the solution was recorded after keeping the mixture at room temperature to 
attain equilibrium. It was plotted against the milliequivalents of OH' ions 
added. 
2.9. DETERMINATION OF THERMAL STABILITY 
Several 1g samples of the material were heated at various 
temperatures for 1 h each, in a muffle furnance and their ion-exchange 
capacities were determined by the column process after cooling them to 
room temperature. 
2.10. ADSORPTION STUDIES 
200 mg of the exchanger in H* form were added to a mixture 
containing 18 ml of the acid solution and 2 ml of the metal ion solution. The 
mixture was kept for 24 h, shaking intermittently to achieve equilibrium. The 
metal ions in the solution before and after equilibrium were determined by 
the EDTA titrations and the distribution coefficients (Kd) were calculated by 
the formula: 
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' F M^ ^ ^ 
where 7' and 'P are the initial and final amounts of the metal ions in 
the solution phase, 'V the volume (ml) of the solution, and 'M the amount (g) 
of the exchanger. 
2.11. SEPARATION STUDIES 
For binary separations, 2 g of the exchanger in H"" form was used in a 
column of internal diameter -0.6 cm. The column was washed thoroughly 
with DMW and the mixture to be separated was loaded into it. After recycling 
2 or 3 times to ensure complete adsorption of the mixture on the column 
bed, the metal ions were eluted at a flow rate of ~2-3 drops min'^ (0.15 ml 
min"^), using eluant selected on the basis of Ka values obtained. The metal 
ions in the effluent were determined quantitatively by EDTA titrations. 
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Table 2.1: List of chemicals 
Name Abbreviation Formula Make %Purity 
Acids 
Ascorbic acid 
Hydrochloric acid 
Methyl alcohol 
Nitric acid 
Orthophosphric acid 
Perchloric acid 
Sulphuric acid 
Tartaric acid 
-
-
-
-
-
-
-
-
CeHgOe 
HOI 
CH3OH 
HNO3 
H3PO4 
HCIO4 
H2SO4 
C4H6O6 
Himedia, India 
Merck, India 
Qualigens, India 
Merck, India 
CDH, India 
Merck, India 
Merck, India 
Himedia, India 
35 0 
99 0 
70 0 
85 0 
70 0 
95-98 
-
Bases 
Ammonium hydroxide 
(NH3 solution) 
Lithium hydroxide 
Potassium hydroxide 
Sodium hydroxide 
-
-
-
-
NH4OH 
LiOH 
KOH 
NaOH 
Merck, India 
CDH, India 
Merck, India 
CDH, India 
25-29 
99 0 
84 0 
96 0 
Indicators 
Solochrome Black 
(Eriochrome black -T) 
1-(2-Pyridylazo) 2-
Naphthol 
Phenolphthalein 
EBT 
PAN 
-
CaoHizOyNjNa 
CisHnNjO 
G12H8N2 H2O 
BDH, India 
Himedia, India 
Merck, India 
-
-
99 5 
Salts 
Ammonium chloride 
Barium chloride 
-
-
NH4CI 
BaCl2 2H2O 
Merck, India 
Merck, India 
99 0 
>99 0 
Contd.. 
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Name 
Cadmium nitrate 
Calcium nitrate 
Ceric sulphate 
Cobalt nitrate 
Copper nitrate 
Ferric chloride 
Lead nitrate 
Lithium chloride 
Magnese chloride 
Magnesium chlonde 
Mercuric nitrate 
Nickel nitrate 
Potassium chlonde 
Sodium chlonde 
Sodium nitrate 
Strontium chloride 
Tin chloride 
Abbreviation 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
Formula 
Cd(N03)2.4H20 
Ca(N03)2.4H20 
Ce(S04)2.4H20 
Co(N03)2.6H20 
Cu(N03)2 3H2O 
FeCl3.6H20 
Pb(N03)2 
LiCI 
MnCl2.4H20 
MgCl2.6H20 
Hg(N03)2.H20 
Ni(N03)2 6H2O 
KCI 
NaCI 
NaNOa 
SrCl2 6H2O 
SnCU 5H2O 
Make 
CDH, India 
Merck, India 
CDH, India 
CDH, India 
Qualigens, India 
CDH, India 
Qualigens, India 
CDH, India 
CDH, India 
CDH, India 
CDH, India 
Merck, India 
Qualigens, India 
Merck, India 
Merck, India 
CDH, India 
CDH, India 
%Purity 
99 0 
98 0 
99 9 
97-101 
95-103 
98 0 
99.0 
99 0 
98-101 
97 0 
58-62 
>97 0 
99 5 
99 0 
99 0 
98 5 
97 5 
Surfactants 
Sodium dodecyl 
sulphate 
N-dodecyl pyridinium 
chlonde 
Triton X-100 
N-cetyl-N,N,N-trimethyl 
ammonium bromide 
SDS 
DPC 
TX-100 
CTAB 
Ci2H25S04Na 
C17H30CIN 
C34H62O11 
Ci9H42NBr 
BDH, India 
Merck-
Schuchardt, 
Germany 
Himedia, India 
CDH, India 
-
>94 0 
98 0 
99 0 
^HAPTEI^.^ 
OF8D$,DPC,CTABANDI1(-100BA$ED 
' ) " ' " ) 
£ 
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3.1. INTRODUCTION 
Fibrous ion-exchangers have demonstrated high sorption efficiency 
for ionic impurities from gaseous and liquid media^°^"^°'''^ °^. This behaviour of 
fibrous ion-exchangers presents a promising importance in the separation 
and removal of harmful ionic impurities in the environmental studies Fibrous 
ion-exchangers are novel multifunctional materials offering a wide range of 
interesting properties. One of their important properties is that they can be 
obtained in different convenient forms such as, nets, staples, clothes, 
conveyer belts etc. Although granular ion-exchangers ensure very favorable 
parameters for ion-exchange process but their application in large scale 
processes is hardly possible due to the high resistance of filtering layers. 
This difficulty is eliminated by using fibrous ion-exchange materials since the 
layer resistance is easily predetermined by the density of a fibrous material 
packing in accordance with technological requirements. 
The inorganic fibrous ion-exchange materials have been interesting 
as they can be used to prepare inorganic ion-exchange papers, suitable for 
chromatographic cation separations, or inorganic membranes without a 
binder^ ^ "^^ ^ .^ Cerium (IV) phosphate was firstly prepared by Alberti^^ et al as 
a crystalline fibrous inorganic ion-exchanger which has shown good ion-
exchange capacity, chemical stability but, displayed poor mechanical 
strength. To overcome this shortcoming, an interest has been developed to 
synthesize hybrid fibrous ion-exchangers^^^ containing both the organic and 
inorganic counterparts. Recently, various hybrid fibrous ion-exchangers^^^'^°^ 
have been synthesized in the laboratories by combining organic species like, 
styrene, pectin, cellulose acetate etc. with inorganic ion-exchangers. The 
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aim to incorporate the organic species with an inorganic fibrous material is to 
enhance reproducibility in ion-exchange behaviour and stability to some 
extent. These hybrid fibrous ion-exchange materials have been proved 
successful in these aspects. 
Surfactants are clean, durable and non-toxic substances and their 
degradation products are also non-toxic. Surfactants or surface-active 
agents when present in the matrix of inorganic ion-exchanger enhance its 
ion-exchange capacity and adsorption of metal ions. Therefore, these 
materials are of great importance in industrial and environmental 
applications. 
In view of the above, anionic (sodium dodecyl sulphate), cationic 
(N-dodecyl pyridinium chloride and N-cetyl-N,N,N-trimethyl ammonium 
bromide) and nonionic (Triton X-100) surfactants were incorporated with 
Ce(IV) phosphate, an inorganic fibrous ion-exchanger to obtain the new 
phase of hybrid fibrous ion-exchangers. The purpose of introducing 
surfactants into the matrix of Ce(IV) phosphate is to enhance the ion-
exchange capacity, thermal and mechanical stability, and adsorption of 
metal ions of Ce(IV) phosphate. Sodium dodecyl sulphate (SDS), N-dodecyl 
pyridinium chloride (DPC), N-cetyl-N,N,N-trimethyl ammonium bromide 
(CTAB) and Triton X-100 (TX-100) were selected as they are widely used 
surfactants in analytical chemistry. In our earlier studies, these surfactants 
have been found applicable in enhancing the adsorption characteristics of 
Ce(IV) phosphate^^'' for alkaline earths and heavy metal ions. 
In this chapter, the ion-exchange behaviour of surfactant based 
Ce{N) phosphates, sodium dodecyl sulphate based Ce(IV) phosphate 
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(SDS-CeP), N-dodecyl pyridinium chloride based Ce(IV) phosphate 
(DPC-CeP), N-cetyl-N,N,N-trimethyl ammonium bromide based Ce{IV) 
phosphate (CTAB-CeP) and triton X-100 based Ce(IV) phosphate 
(TX-100CeP) has been studied under the varying conditions of medium, 
concentration, pH and temperature. The physico-chemical studies namely, 
X-ray diffraction analysis, IR, thermo-gravimetric and differential thermal 
analysis, scanning electron microscopy and elemental analysis have been 
carried out for the characterization of these newly synthesized hybrid fibrous 
ion-exchangers. 
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3.2. RESULTS AND DISCUSSION 
3.2.1 ION-EXCHANGE CAPACITY 
Surfactant based Ce(IV) phosphates were synthesized by using 
different concentrations of SDS, DPC, CTAB and TX-100 as given in 
chapter-2. The ion-exchange capacities of these materials were determined 
as usual by column process (described in chapter-2). The ion-exchange 
capacity of these samples containing SDS, DPC, CTAB and TX-100 in the 
matrix of Ce(IV) phosphate are presented in Tables 3.1-3.4. On the basis of 
highest ion-exchange capacity, sample-3 was selected for further studies, in 
each type of hybrid material. The most important feature of the materials 
prepared in these studies has been their exceedingly high ion-exchange 
capacity for Na* ions. The highest ion-exchange capacity, observed for 
SDS-CeP, DPC-CeP, CTAB-CeP and TX-100CeP were found to be 2.92 
meq/dry g, 3.15 meq/dry g, 2.95 meq/dry g and 3.0 meq/dry g, respectively, 
at the 0.01M SDS, 0.01M DPC, 0.001M CTAB and 0.0001M TX-100 
concentrations as against 1.3 meq/dry g for Ce(IV) phosphate. Thus, it is 
evident that the surfactant based Ce(IV) phosphates have more than the 
double of the ion-exchange capacity of Ce(IV) phosphate. In fact, the ion-
exchange capacities of these materials are much higher than the ion-
I 
exchange capacity generally shown (1-2 meq/dry g) by the inorganic ion-
exchangers "^*®'^ "^"^ ^^  and other organic monomers/polymers based hybrid 
fibrous ion-exchangers^^^'^°^, reporled so far. It may be due to the presence 
of surfactants in the matrix of Ce(IV) phosphate which reduces the interfacial 
tensions between the solid (material) and liquid (metal ion solutions) phases. 
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The another important factor which plays an important role in increased ion-
exchange capacity, may be the enhanced interlayer distances in the Ce(IV) 
phosphate as a result of intercalation of polar/ionic surfactant molecules into 
the layers of Ce(IV) phosphate matrix. Therefore, the exchange of ion 
becomes more easy and feasible. Table 3.5 shows the ion-exchange 
capacities of the synthesized materials for various metal ions. The ion-
exchange capacities of the materials for alkali metals and alkaline earth 
metals reveal the order: Li^ < Na^< K^  and Mg^*< Ca^^< Sr^^< Ba^^ which is 
in accordance to the decreasing order of the hydrated ionic radii of metal 
ions. 
3.2.2. CONCENTRATION BEHAVIOUR 
For the determination of eluant concentration, 250 ml of NaNOs 
solution of 0.2M to 1.2M concentrations was passed through the column of 
the synthesized materials. The optimum concentration of the eluant was 
found to be 1M (Table 3.6) for complete removal of H"" ions from the column 
of 1.0 g exchangers. 
3.2.3 ELUTION BEHAVIOUR 
For the determination of minimum volume of eluant necessary for 
complete elution of H"" ions from the exchange materials, 1M NaNOs solution 
was passed through the column of 1.0 g exchangers in different 10 ml 
fractions. The elution behaviour of SDS-CeP, DPC-CeP, CTAB-CeP and 
TX-IOOCeP (Figures 3.1-3.4) was found to be almost similar. The exchange 
is quite fast and only 150 ml of 1M NaNOs is sufficient for complete elution of 
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H* ions from SDS-CeP, DPC-CeP and TX-100CeP while 170 ml from 
CTAB-CeP. 
3.2.4. pH-TITRATIONS 
pH-titration curves for SDS-CeP, DPC-CeP, CTAB-CeP and 
TX-100CeP were obtained under equilibrium conditions in order to determine 
the functionality of these ion-exchangers. Therefore, 0.1M solutions of LiOH, 
NaOH and KOH were used to neutralize the protons and allow the reaction 
to go to the completion in presence of 0.1 M respective salt solutions which 
act as supporting electrolytes. The graph plotted between the number of 
millequivalents of OH' ions added and the resultant pH of the mixture at 
equilibrium for LiOH/LiCI, NaOH/NaCI and KOH/KCI systems are shown in 
Figures 3.5-3.8. These curves indicate that the materials release H"" ions 
easily with the addition of metal salt solutions containing no OH" ions to the 
system, showing strong cation-exchange behaviour. At low metal hydroxide 
concentration, the ion-exchange for Li* ions is lower than Na"" and K* ions as 
is evident from the initial pH at a lower hydroxide concentration. The 
exchange rate slows down for the H'^-Li'' exchange than for the H'^ -Na'" and 
H^-K" exchanges, in TX-IOOCeP (Figure 3.8). The H'^-Li" exchange process 
is completed at higher hydroxide concentrations. This may be due to a larger 
hydrated radius of Li'' ion than those of Na"" and K"" ions. It accounts for a 
lower ion-exchange capacity for Li"" ion in the column process (dynamic 
condition) where the equilibrium is not fully established. The pH-titration 
curves of SDS-CeP, DPC-CeP and TX-100CeP reveal that the exchange 
takes place in one-step (Figures-3.5, 3.6 and 3.8), indicating the 
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monofunctional behaviour for LiOH/LiCI, NaOH/NaCI and KOH/KCI systems. 
The pH-titration curves of CTAB-CeP (Figure 3.7) show that the material 
behaves as bifunctional acid for Li"" ions. The bifunctional behaviour 
becomes less prominent in case of H''-Na* exchange. In case of H^-K*, the 
exchange appears to be a monofunctional acid. An overall higher ion-
exchange capacity for all the three metal ions in the batch process (static 
condition) than in the column process, as shown by the potentiometric 
curves, may be due to the presence of alkali hydroxides which facilitates the 
ion-exchange by the removal of H"^  ions from the external solution in 
accordance with the Le Chatelier's principle. 
3.2.5. THERMAL STABILITY 
In order to determine the resistance of surfactant based hybrid fibrous 
ion-exchangers towards heat, different samples of these materials were 
heated to various temperatures and their ion-exchange capacities were 
determined as usual by column process, described in chapter-2. The study 
on thermal stability reveals some interesting results. The SDS, DPC, CTAB 
I 
and TX-100 based Ce(IV) phosphates appear to be more thermally stable 
than Ce(IV) phosphate. Ce(IV) phosphate retains 61.8%, 13.1% and only 
5.15% of its ion-exchange capacity on heating up to 100°C, 200°C and 
300°C, respectively (Table 3.7) whereas SDS-CeP, DPC-CeP, CTAB-CeP 
and TX-IOOCeP retain 77.1%, 93.6%, 79.7% and 90% of their ion-exchange 
capacity, respectively, when heated up to 100°C and, 66.8%, 58.7%, 54.3% 
and 55% when heated up to 200°C while 37.7%, 47.6%, 37.3% and 41.7% 
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up to 300°C (Tables 3.8-3.11). Among these surfactant based materials 
prepared, SDS-CeP was found to be thermally most stable. 
3.2.6. THERMO-GRAVIMETRIC AND DIFFERENTIAL 
THERMAL ANALYSIS (TGA/DTA) 
The thermo-grams of Ce(IV) phosphate (Figure 3.9) show 10.01% 
mass loss up to 170°C with endo effect at 99.2°C, indicating that the removal 
of external water molecules takes place from the exchanger. Further, curves 
show mass losses - 5.16% and 3.70% up to 400°C with endo effects at 
187.2°C and 291.9°C. Here, condensation may also start with the removal of 
strongly coordinated water molecules. At temperatures > 400°C, the weight 
becomes almost constant including the production of Ce02 at 450°C^^®. 
Subsequently, the thermo-grams of the SDS, DPC, CTAB and TX-100 
based Ce(IV) phosphates (Figures 3.10-3.13) show two-step mass losses 
6.46% and 3.9% up to 170°C with endo effect at 80°C (SDS-CeP), 5.55% 
and 3.94% up to 147°C with endo effect at 68°C (DPC-CeP), 5.9% and 3.8% 
up to 170°C with endo effects at 104.1°C and 150.6°C (CTAB-CeP), and 
4.93% and 8.59% up to 174°C with endo effects at 85°C and 163°C 
(TX-IOOCeP). This confirms the removal of external water molecules 
associated with the exchange materials. Further, loss in mass occurs, 
3.76%, 1.69% and 2.73% up to 301°C with endo effects at 186°C and 297°C 
in SDS-CeP, 5.12% and 5.41% up to 323°C with endo effects at 157°C and 
312°C in DPC-CeP, 4.3% and 4.49% up to 400°C with endo effects at 
178.9°C and 336.4°C in CTAB-CeP, and 5.51% up to 338°C with endo effect 
1 
at 302°C in TX-IOOCeP indicate the removal of surfactants from the matrix of 
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ion-exchanger. Here, the condensation process starts with the removal of 
strongly coordinated water molecules. Further the weight losses upto 789°C, 
1 
in all these SDS, DPC, CTAB and TX-100 based Ce(IV) phosphates may be 
due to the removal of remaining part of SDS, DPC, CTAB and TX-100 
respectively. At temperatures in the range of 300°-790°C, the residual 
weight remains almost constant with the production of CeOa at 450°C^^^. 
On the basis of the data, obtained by thermal analysis (Figures 3.10-
3.13) and the studies on the variation in ion-exchange capacity during the 
heating as reported in Tables 3.8-3.11, we observed the following facts: 
(i) There is little effect of the removal of external water molecules 
(heating up to 100°C) on the percentage retention of ion-exchange 
capacity of the materials; 
(ii) Importance of the temperature interval 200°-300°C; the change in 
ion-exchange capacity (between 200°-300°C) may be due to both 
removal of the surfactants and removal of strongly coordinated 
water molecules. In this temperature region the statistically relevant 
decrease of the percentage retention of ion-exchange capacity 
occurs (Tables 3.8-3.11). Thus, these data suggest that the 
decrease of ion-exchange capacity of the materials tested, is 
interrelated with the volatilization of both (surfactants and 
coordinated water molecules) from the structure of this type of ion-
exchangers; -
(iii) In the temperature range of 300°^00°C, a sharp decrease in ion-
exchange capacity was observed. 
3.2.7. ELEMENTAL ANALYSIS 
In order to determine the percent composition of SDS, DPC, CTAB 
and TX-100 based Ce(IV) phosphates, the elemental analysis of these 
surfactant based Ce(IV) phosphates were carried out. The results are 
reported in Table 3.12. 
3.2.8. SCANNING ELECTRON MICROSCOPIC (SEM) 
STUDIES 
The materials were prepared in the form of sheets which were found 
to be mechanically stable. The SEM study of these materials reveals their 
fibrous structure, as shown in Figures 3.15-3.18. The SEM study of Ce(IV) 
phosphate is also given in Figure 3.14. 
3.2.9. X-RAY DIFFRACTION STUDIES 
The X-ray diffraction patterns (Figures 3.19-3.23) reveal the 
amorphous or poorly crystalline nature of Ce(IV) phosphate and SDS, DPC, 
CTAB and TX-100 based Ce(IV) phosphates. Due to this a detailed 
mechanism of the ion-exchange behaviour can not be given at this stage, 
which correlates the metal ion diameter with the cavity size of the material. 
74 
3.2.10. INFRARED SPECTROSCOPIC STUDIES 
The IR studies show the presence of external water molecules in 
addition to the metal-oxide and metal-hydroxide stretching bands in the 
materials. The IR spectra of Ce(IV) phosphate and SDS, DPC, CTAB and 
TX-100 based Ce(IV) phosphates are given in Figures 3.24-3.28 which 
confirm the presence of various absorption bands at their corresponding 
wavelengths^^ '^"^ .^ These absorption bands are summarized in Table 3.13. 
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Table 3.1: Synthesis of various samples of SDS-CeP 
Sample No. 
Sample-1 
Sample-2 
Sample-3 
Sample-4 
Concentration 
ofSDS(M) 
0 
0.001 
0.01 
0.1 
Na^ ion-exchange 
capacity (meq/dry g) 
1.30 
2.68 
2.92 
2.86 
Table 3.2: Synthesis of various samples of DPC-CeP 
Sample No. 
Sample-1 
Sample-2 
Sample-3 
Sample-4 
Concentration 
of DPC (IVI) 
0 
0.001 
0.01 
0.1 
Na^ ion-exchange 
capacity (meq/dry g) 
1.30 
2.75 
3.15 
3.00 
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Table 3.3: Synthesis of various samples of CTAB-CeP 
Sample No. 
Sample-1 
Sample-2 
Sample-S 
Sannple-4 
Concentration 
of CTAB (M) 
0 
0.0001 
0.001 
0.01 
Na"^  ion-exchange 
capacity (meq/dry g) 
1.30 
2.00 
2.95 
2.50 
Table 3.4: Synthesis of various samples of TX-100CeP 
Sample No. 
Sample-1 
Sample-2 
Sample-3 
Sample-4 
Concentration 
ofTX-IOO(M) 
0 
0.00001 
0.0001 
0.001 
Na^ ion-exchange 
capacity (meq/dry g) 
1.30 
2.50 
3.00 
2.75 
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Table 3.5: Ion-exchange capacity of the materials for various 
metal ions 
Metal ion 
solutions 
(1M) 
LICI 
NaNOa 
KCI 
MgCb 
Ca(N03)2 
SrCl2 
BaCb 
Ion-exchange capacity (meq/dry g) 
SDS-CeP 
2.05 
2.92 
3.00 
3.15 
3.25 
3.40 
3.55 
DPC-CeP 
2.60 
3.15 
3.35 
2.50 
3.40 
3.50 
3.70 
CTAB-CeP 
2.30 
2.95 
3.10 
2.60 
3.30 
3.60 
3.75 
TX-100CeP 
2.75 
3.00 
3.15 
2.55 
3.20 
3.35 
3.45 
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Table 3.6: Variation of ion-exchange capacity of the materials 
with eluant concentrations 
Concentration 
of NaNOa (M) 
0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
Ion-exchange capacity (meq/dry g) 
SDS-CeP 
1.85 
2.05 
2.25 
2.55 
2.92 
2.92 
DPC-CeP 
1.25 
1.95 
2.25 
2.65 
3.15 
2.90 
CTAB-CeP 
1.10 
1.35 
2.15 
2.40 
2.95 
2.90 
TX-100CeP 
0.95 
1.25 
1.95 
2.75 
3.00 
3.00 
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Table 3.7: Thermal stability of CeP after heating to various 
temperatures for 1h 
Drying 
Temperature 
(°C) 
45 
100 
200 
300 
400 
Na^ ion-exchange 
capacity 
(meq/dry g) 
1.30 
0.84 
0.17 
0.07 
0.03 
Change in 
colour 
Yellow 
Bright yellow 
Light yellow 
Cream yellow 
Cream 
% Retention of 
ion-exchange 
capacity 
100 
61.8 
13.1 
5.15 
2.20 
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Table 3.8: Thermal stability of SDS-CeP after heating to various 
temperatures for 1 h 
Drying 
Temperature 
(°0) 
45 
100 
200 
300 
400 
500 
600 
Na^ ion-exchange 
capacity 
(meq/dry g) 
2.92 
2.25 
1.95 
1.10 
0.75 
0.25 
0.10 
Change in 
colour 
Yellow 
Yellow 
Yellow 
Light yellow 
Light yellow 
Creamish 
yellow 
Cream 
% Retention of 
ion-exchange 
capacity 
100 
77.1 
66.8 
37.7 
25.7 
8.60 
3.40 
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Table 3.9: Thermal stability of DPC-CeP after heating to various 
temperatures for 1 h 
Drying 
Temperature 
(°C) 
45 
100 
200 
300 
400 
Na"" ion-exchange 
capacity 
(meq/dry g) 
3.15 
2.95 
1.85 
1.50 
0.75 
Change in 
colour 
Yellow 
Yellow 
Bright yellow 
Bright yellow 
Light yellow 
% Retention of 
ion-exchange 
capacity 
100 
93.6 
58.7 
47.6 
23.8 
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Table 3.10: Thermal stability of CTAB-CeP after heating to 
various temperatures for 1 h 
Drying 
Temperature 
(°C) 
45 
100 
200 
300 
400 
500 
Na"^  ion-exchange 
capacity 
(meq/dry g) 
2.95 
2.35 
1.60 
1.10 
0.80 
0.40 
Change in 
colour 
Yellow 
Yellow 
Bright yellow 
Light yellow 
Cream yellow 
Cream yellow 
% Retention of 
ion-exchange 
capacity 
100 
79.7 
54.3 
37.3 
27.1 
13.6 
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Table 3.11: Thermal stability of TX-100CeP after heating to 
various temperatures for 1 h 
Drying 
Temperature 
(°C) 
45 
100 
200 
300 
400 
Na* ion-exchange 
capacity 
(meq/dry g) 
3.00 
2.70 
1.65 
1.25 
0.35 
Change In 
colour 
Yellow 
Bright yellow 
Light yellow 
Light yellow 
Cream yellow 
% Retention of 
ion-exchange 
capacity 
100 
90.0 
55.0 
41.7 
11.7 
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Table 3.12: Elemental analysis 
Elements 
Cerium 
Phophorus 
Carbon 
Hydrogen 
Nitrogen 
Sulphur 
Percentage (In 0.25 g of the material) 
SDS-CeP 
34.48 
26.23 
0.10 
1.23 
0.59 
DPC-CeP 
32.59 
24.11 
0.30 
0.23 
0.12 
-
CTAB-CeP 
32.85 
26.10 
4.01 
1.69 
0.85 
-
TX-IOOCeP 
31.90 
24.25 
0.13 
1.42 
-
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Fig 3.1: Histograms showing the elution behaviour of SDS-CeP 
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Fig 3.16: SEM study of DPC-CeP 
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Fig 3.17: SEM study of CTAB-CeP 
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Fig 3.18: SEM study of TX-100CeP 
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Fig 3.19: X-ray diffraction patterns of CeP 
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4.1 INTRODUCTION 
The organic ion-exchangers are more reproducible and chemically 
very stable but, they are thermally less stable. They loose their ion-exchange 
properties when exposed to strong radiations. Inorganic ion-exchangers 
have established their place in analytical chemistry owing to their resistance 
to heat and radiations and their differential selectivity for metal ions. 
However, the main drawback of these materials has been their chemical and 
mechanical instability. Further, they are not much reproducible in ion-
exchange behaviour. Hence, an interest has been developed in the 
synthesis of organo-inorganic or hybrid ion-exchangers^^® by introducing 
organic species into the inorganic matrix. These hybrid ion-exchangers have 
spurred on the quest for improved chemical, themnal, and mechanical 
strength, reproducibility in ion-exchange behaviour in addition to their 
selectivity towards metal ions. A large number of such materials^^ '^^ ^ "^^ ^® has 
been synthesized in the laboratories which have shown promising ion-
exchange characteristics. Out of these, tin based ion-exchangers have 
received much attention due to their excellent ion-exchange behaviour. 
Surfactants or surface-active agents are very useful in improving the 
analytical technology. Ionic surfactants, at concentrations below the cmc 
value, behave as strong electrolyte while the behaviour of nonionic 
surfactant is parallel to that of the simple organic molecules. At 
concentrations above the cmc value, a highly co-operative association 
process takes place resulting in the micelle-formation. The micelles are 
considered as ion-exchangers and the distribution of counter ions around the 
ionic micelles and association colloids has been given in terms of 
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pseudophase ion-exchange (PIE) nxxlel. As surfactants are the substances 
possessing the ion-exchange characteristics, they play a significant role in 
modifying the ion-exchange/adsorption behaviour of the Inorganic ion-
exchangers. With the intension to synthesize clean, non-toxic, reproducible 
and to improve ion-exchange capacity and stability, a new phase of hybrid 
ion-exchangers has been developed by introducing surfactants in the matrix 
of Sn(IV) phosphate. Sn(IV) phosphate (SnP) prepared earlier® ,^ has shown 
good ion-exchange properties. It has been found that the adsorption of 
metals on Sn(IV) phosphate^^ is considerably enhanced by using surfactant 
nnedia. 
The present study has been carried out to explore the ion-exchange 
behaviour of Sn(IV) phosphate containing N-dodecyl pyridinium chloride 
(DPC) and Triton X-100 (TX-100) in its matrix. The following pages 
summarize the ion-exchange behaviour of DPC and TX-100 based Sn(IV) 
phosphates (DPC-SnP and TX-100SnP) under the varying conditions of 
medium, concentration, pH and temperature. The physico-chemical 
characterization has been carried out including. X-ray diffraction analysis, IR, 
themK)-gravimetric and differential thermal analysis and elemental analysis. 
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4.2. RESULTS AND DISCUSSION 
4.2.1. ION-EXCHANGE CAPACITY 
N-dodecyl pyridinium chloride and triton X-100 based Sn(IV) 
phosphates were synthesized by using different concentrations of the 
respective surfactants. The ion-exchange capacities of these materials were 
determined by column process as described in chapter-2. The ion-exchange 
capacities of various samples of DPC and TX-100 based Sn(IV) phosphates 
are reported in Tables 4.1-4.2. On the basis of highest ion-exchange 
capacity, sample-3 was selected for further studies in each type of hybrid 
material. The most salient feature of these surfactant based Sn(IV) 
phosphates has been their high ion-exchange capacity for Na* ions. The 
highest ion-exchange capacity for DPC-SnP and TX-100SnP were found to 
be 2.39 meq/dry g and 2.75 meq/dry g, respectively at the 0.01 M DPC and 
0.0001 M TX-100 concentrations, as against 1.5 meq/dry g for Sn(IV) 
phosphate. DPC and TX-100, when present in the matrix of Sn(IV) 
phosphate, enhance the ion-exchange capacity of Sn(IV) phosphate to a 
greater extent. In fact, the capacity of these materials is higher than the other 
hybrid ion-exchangers, prepared earlier^ ^ '^''^ '^^ °^'^ °°"^ °^ . It may be due to the 
fact that the surfactants may be acting as ionic/polar binders of Sn(IV) 
phosphate which make easy exchange of ions by reducing interfacial 
tensions between the solid (exchange material) and liquid phases (metal ion 
solutions). Additionally, during ion-exchange process, the surfactant 
molecules form hemi-micelles at the solid surface and the surfaces of 
micelles and hemi-micelles are highly charged. Most of the charges (-80%) 
I l l 
of the ionic/polar surfactants are neutralized by the incorporation of counter 
ions in the Stern layer. Thus, due to high charge density in the Stern layer 
region, some co-ions are also held by the surfactant and, therefore, the 
presence of surfactants increases the ion-exchange capacity. 
Table 4.3 shows the ion-exchange capacity of the materials for 
various metal ions. The capacities for alkali metals and alkaline earths, 
studied reveal the order: Li*< Na*< K"" and Mg^''< Ca^''< Sr^*< Ba^" which is 
in accordance to the decreasing order of the hydrated ionic radii of metal 
ions. 
4.2.2. CONCENTRATION BEHAVIOUR 
In order to determine the eluant concentration, 250 ml of NaNOa 
solution of 0.2M to 1.2M concentrations was passed through the column of 
the synthesized materials. The optimum concentration of the eluant was 
found to be 1M (Table 4.4) for complete removal of H* ions from the column 
of 1.0 g exchangers. 
4.2.3. ELUTION BEHAVIOUR 
For the determination of minimum volume of eluant necessary for 
complete elution of H"^  ions from the exchange materials, 1M NaNOa solution 
was passed through the column of 1.0 g exchangers in different 10 ml 
fractions. The elution behaviour of DPC-SnP and TX-IOOSnP was same 
(Figures 4.1-4.2). The exchange is fast and only 180 ml of the eluant is 
sufficient for complete elution of H* ions from the above column. 
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4.2.4. pH-TITRATIONS 
pH-titration curves for DPC-SnP and TX-100SnP were obtained under 
equilibrium conditions in order to determine the functionality of these ion-
exchangers. Therefore, 0.1M solutions of LiOH, NaOH and KOH were used 
to neutralize the protons and allow the reaction to go to the completion in 
presence of 0.1M respective salt solutions which act as supporting 
electrolytes. The graph plotted between the numbers of milliequivalents of 
OH" ions added and the resultant pH of the mixture at equilibrium for 
LiOH/LiCI, NaOH/NaCI and KOH/KCI systems are shown in Figures 4.3-4.4. 
These curves indicate that the materials release H* ions easily with the 
addition of metal salt solutions containing no OH' ions to the system showing 
strong cation-exchange behaviour. The exchange rate slows down for the 
H -^Li"^  exchange than for the H*-Na* and H*-K* exchanges, in TX-100SnP. 
The H*-Li* exchange process is completed at higher hydroxide 
concentrations. This may be due to a larger hydrated radius of Li* ion than 
those of Na* and K* ions thus accounting for a lower ion-exchange capacity 
for Li* ion in the column process (dynamic condition) where the equilibrium is 
not fully established. The pH-titration curves of DPC-SnP reveal that the 
exchange takes place in one-step (Figure 4.3) indicating the monofunctional 
behaviour for LiOH/LiCI, NaOH/NaCI and KOH/KCI systems. The pH-titration 
curves of TX-100SnP (Figure 4.4) show that the material behaves as 
bifunctional acid for Na* ions. In case of H^-K* and H^-Na*, the exchange 
appears to be a monofunctional acid. An overall higher ion-exchange 
capacity for all the three metal ions in the batch process (static condition) 
than in the column process, as shown by the potentiometric curves, may be 
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due to the presence of alkali hydroxides which facilitates the ion-exchange 
by the removal of H* ions from the external solution in accordance with the 
Le Chatelier's principle. 
4.2.5. THERMAL STABILITY 
In order to determine the thermal stability of surfactant based Sn(IV) 
phosphates, different samples of these materials were heated to various 
temperatures and their ion-exchange capacities were determined as usual 
by column process. These studies indicate that the presence of DPC in the 
matrix of SnP enhances its resistance to heat to a greater extant as SnP 
retains 83.3%, 60% and 40% of its ion-exchange capacity (Table 4.5) on 
heating up to 100°C, 200°C and 300°C respectively while DPC-SnP retains 
96.2%, 94.1% and 92.1% of its ion-exchange capacity on heating up to the 
above temperatures, respectively (Table 4.6). In the case of TX-IOOSnP, 
these values are, 72.7%, 54.5% and 27.3% at the above mentioned 
temperatures, respectively (Table 4.7). In both of the synthesized materials, 
DPC-SnP is thermally more stable than TX-IOOSnP. 
4.2.6. THERMO-GRAVIMETRIC AND DIFFERENTIAL 
THERMAL ANALYSIS (TGA/DTA) 
The thermo-grams of Sn(IV) phosphate (Figure 4.5) show two-step 
mass losses, 8.92% and 5.77% up to 151°C with endo effect at 98°C, 
confirming the removal of external water molecules from the exchanger. 
Further, 9.4% mass loss up to 402°C may be due to the removal of strongly 
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coordinated water molecules. A large weight loss, 63.11% was observed in 
the temperature range of 402°-430°C showing a slight exo effect at 411°C. It 
may be due to the disruption of Sn(IV) phosphate matrix. Here weight 
becomes almost constant. 
Subsequently, the thermo-gravimetric and differential thermal analysis 
of DPC-SnP and TX-100 SnP (Figures 4.6^.7) show two-step mass losses, 
7.43% and 5.21% up to the temperature 149°C with endo effect at 97°C 
(DPC-SnP) and 6.58% and 5.22% up to 150°C with the endo effect at 102°C 
(TX-IOOSnP) confirm the removal of external water molecules associated 
with the exchange materials. Further, the curves show 2.7% and 1.53% 
weight losses up to 363°C (DPC-SnP) and 2.26% and 1.12% up to 367°C 
(TX-100 SnP) which may be due to the removal of DPC and TX-100 from the 
matrix of the respective ion-exchangers. At this stage, the condensation 
process starts with the removal of strongly coordinated molecules, showing 
again endo effects at 388°C (DPC-SnP) and 317°C (TX-IOOSnP) which 
continues up to 789°C. In DPC-SnP, 36.34% mass loss up to 383°C and in 
TX-100 SnP, 4.53% mass loss up to 500°C may be due to the removal of 
remaining DPC and TX-100 from the exchangers. Here, weight becomes 
almost constant. Finally, mass losses 3.91% in DPC-SnP and 3.19% in 
TX-IOOSnP upto 789°C represent a kinetic non-stability of the decomposition 
products. The most attractive feature of thermo-grams of DPC-SnP and 
TX-IOOSnP has been the thermal stability zone of the materials which lies 
between 149°-363°C and 150°-305°C, respectively. 
In case of DPC-SnP, the data of thermal analysis (Table 4.6) reveals 
that the removal of external water molecules does not influence the percent 
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retention of ion-exchange capacity. Furtiier, a decrease in percent retention 
of ion-exchange capacity upto 300°C may be due to the removal of DPC and 
strongly co-ordinated water molecules also. There is a little effect of heating 
on ion-exchange capacity between the temperatures 200°C to 300°C that is 
also evident from the thermo-grams of the material. In case of TX-100SnP, 
the data (Table 4.7) points the decrement in ion-exchange capacity by 
27.27% up to 100°C due to the removal of external water molecules. Further 
decrements in ion-exchange capacity up to 400°C are due to both removal of 
triton X-100 and removal of strongly coordinated water molecules. Thus, 
these data suggest that the decrease of ion-exchange capacity of these 
synthesized materials, is interrelated with the volatilization of both the 
surfactants and coordinated water molecules from the matrix of Sn(IV) 
phosphate. Zero or nearly zero retentions are achieved at 400°C, due to the 
disruption of hybrid ion-exchange materials. These effects/interrelations are 
similar to that discussed for SDS, DPC, CTAB and TX-100 based Ce(IV) 
phosphates, in chapter-3. 
4.2.7. ELEMENTAL ANALYSIS 
In order to determine the tin, phosphorus, carbon, hydrogen, and 
nitrogen contents of the DPC and TX-100 based Sn(IV) phosphates, the 
elemental analysis were carried out. The results are reported in Table 4.8. 
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4.2.8. X-RAY DIFFRACTION STUDIES 
The X-ray diffraction patterns (Figures 4.8-4.10) reveal the 
amorphous or poorly crystalline nature of Sn(IV) phosphate, and DPC and 
TX-100 based Sn(l\/) phosphates. 
4.2.9. INFRARED SPECTROSCOPIC STUDIES 
The IR studies show the presence of external water molecules in 
addition to the metal-oxide and metal-hydroxide stretching bands in the 
materials. The IR spectra of Sn(IV) phosphate, DPC and TX-100 based 
Sn(IV) phosphates are given in Figures 4.11-4.13 which confirm the 
presence of various absorption bands at their corresponding 
wavelengths^^^^^. These absorption bands are summarized in Table 4.9. 
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Table 4.1: Synthesis of various samples of DPC-SnP 
Sample No. 
Sample-1 
Sample-2 
Sample-3 
Sample-4 
Concentration 
of DPC (M) 
0 
0.001 
0.01 
0.1 
Na^ ion-exchange 
capacity (meq/dry g) 
1.50 
1.75 
2.39 
2.15 
Table 4.2: Synthesis of various samples of TX-100SnP 
Sample No. 
Sample-1 
Sample-2 
Sample-3 
Sample-4 
Concentration 
ofTX-IOO(M) 
0 
0.00001 
0.0001 
0.001 
Na^ Ion-exchange 
capacity (meq/dry g) 
1.50 
1.67 
2.75 
2.50 
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Table 4.3: Ion-exchange capacity of the materials for various 
metal ions 
Metal ion solutions (1M) 
LiCI 
NaN03 
KCI 
MgCb 
Ca(N03)2 
SrCb 
BaClz 
Ion-exchange capacity 
(meq/dry g) 
DPC-SnP 
2.25 
2.39 
2.75 
2.10 
2.35 
2.50 
3.10 
TX-100SnP 
2.90 
2.75 
2.50 
2.95 
3.10 
3.15 
3.25 
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Table 4.4: Variation of ion-exchange capacity of the materials 
with eiuant concentrations 
Concentration of NaNOs (M) 
0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
Ion-exchange capacity 
(meq/dry g) 
DPC-SnP 
1.20 
1.80 
2.10 
2.25 
2.39 
2.39 
TX-100SnP 
1.00 
1.75 
1.95 
2.15 
2.75 
2.75 
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Table 4.5: Thermal stability of SnP after heating to various 
temperatures for 1 h 
Drying 
Temperature 
(°C) 
45 
100 
200 
300 
400 
Na^ ion-exchange 
capacity 
(meq/dry g) 
1.50 
1.25 
0.90 
0.60 
0.10 
Change In 
colour 
White shiny 
White 
Off white 
Off white 
Dirty white 
% Retention of 
ion-exchange 
capacity 
100 
83.3 
60.0 
40.0 
6.67 
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Table 4.6: Thermal stability of DPC-SnP after heating to various 
temperatures for 1 h 
Drying 
Temperature 
(°C) 
45 
100 
200 
300 
400 
Na^ ion-exchange 
capacity 
(meq/dry g) 
2.39 
2.30 
2.25 
2.20 
0.02 
Change in 
colour 
White shiny 
White shiny 
Dull white 
Dull white 
Off white 
% Retention of 
ion-exchange 
capacity 
100 
96.2 
94.1 
92.1 
0.84 
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Table 4.7: Thermal stability of TX-100SnP after heating to 
various temperatures for 1 h 
Drying 
Temperature 
(°C) 
45 
100 
200 
300 
400 
Na^ ion-exchange 
capacity 
(meq/dry g) 
2.75 
2.00 
1.50 
0.75 
0.05 
Change in 
colour 
Off white 
Off white 
Off white 
Off white 
White 
% Retention of 
ion-exchange 
capacity 
100 
72.7 
54.5 
27.3 
1.82 
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Table 4.8: Elemental analysis 
Elements 
Tin 
Phosphorus 
Carbon 
Hydrogen 
Nitrogen 
Percentage (In 0.25 g of the material) 
DPC-SnP 
26.0 
10.2 
1.16 
2.03 
0.13 
TX-IOOSnP 
37.7 
16.1 
0.12 
1.66 
-
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Table 4.9: Infra red absorption bands of Sn(IV) phosphate and 
DPC and TX-100 based Sn(IV) phosphates 
Absorption bands 
Metal oxides (M-0) and 
metal hydroxides (M-OH) 
Phosphate(P04^')and 
metaphosphate (HP04^") 
Water of crystallizatlon 
-OH groups 
Methyl (-CH3) and 
Methylene (-CH2-) 
Pyridine (C=C) and 
Pyridine (C=N) 
Aromatic ring 
Alky! ether 
Wavelength (cm'^ ) 
SnP 
619.7 
515.3 and 1054.1 
1636.0 and 3450.0 
> 3450.0 
-
DPC-SnP 
610.4 
543.0 and 1056.0 
1638.4 and 3470.1 
>3470.1 
2950.0, 2883.4, 
1470.1 and 
1383.9 
1590.9 
3010.9 
-
TX-IOOSnP 
645.0 
514.6, 572.2 and 
1043.7 
1640.3 and 3421.4 
>3421.4, 
2994.7, 2889.2 
and 1474.1 
3127.9 
1134.1 
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5.1. INTRODUCTION 
Inorganic ion-exchangers have been of great interest for researchers 
and environnnentalists due to their characteristics of selective adsorption and 
removal of metal ions from the aqueous systems. A large number of such 
materials have been synthesized and studied^ '^=^« '^^ '^^ ^«'^ 2°'^ 3'''^ 3 '^^ ^ '^^ =^ 
during the last few decades. These materials are generally the polybasic 
acid salts of multivalent metals, such as the Ce(IV), Th(IV), Zr(IV), Ti(IV) and 
Sn(IV), phosphates, tungstates, arsenates, antimonates, molybdates and 
silicates etc. Out of these materials, Ce(IV) and Sn(IV) phosphates became 
the main objects of interest because of their excellent ion-exchange 
properties and some important chemical applications in the field of analytical 
chemistry. 
Surfactants are the surface-active substances which can play a lead 
role in modifying the adsorption behaviour of ion-exchange materials for 
various metal ions. The key property of surfactants is "adsorption" which has 
made surfactants, useful in removing the harmful ionic impurities from 
aqueous media. In recent years, surfactants have been studied^°^'^^'''^'* for 
such applications and found effectively useful. Surfactants, when present in 
the matrix of Ce(IV) and Sn(IV) phosphates, not only enhance the ion-
exchange capacity of the materials, but also the adsorption of metal Ions. 
Keeping in view of the persistency and harmful effects of heavy metal 
pollutants, it was thought worthwhile to study the adsorption behaviour of 
synthesized ion-exchangers for heavy metal pollutants. In this chapter, 
emphasis has been given to study the adsorption behaviour of surfactant 
based Ce(IV) and Sn(IV) phosphates for the alkaline earths and heavy metal 
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ions and their possible role in environmental pollution-control. The 
adsorption behavior of surfactant based Ce(IV) and Sn(IV) phosphates has 
also been compared with the adsorption behaviour of Ce(IV) and Sn(IV) 
phosphates. 
Environment is very complex and large. Systematic pollution of 
environment induced by uncontrolled technological advances, brought by 
men is one of the biggest hazards that humanity faces today. Mercury, lead 
and cadmium are the well-known environmental issues because of their 
implications on human and animal health. Mercury is the most toxic heavy 
metal which enters the environment through various industries like paper 
and pulp industry, chlor-alkali plants, molding processes, paints and 
phamriaceuticals. Pollution of Hg(ll) in environment is serious because it is 
capable of entering blood streams, the digestive systems or lungs. Vapors of 
Hg(ll) are toxic and some mercury compounds are very volatile or insoluble 
and are the potential hazards for the human systems. Traces of mercury 
have been identified as deleterious to aquatic ecosystem and human health. 
Lead enters the environment through natural and anthropogenic 
sources. Naturally occurring lead is found in the soil. Because of its toxicity, 
the tremendous increase in the use of lead over the past few decades has 
caused environmental concerns. It has an important place amongst the toxic 
trace elements present in the human body. The main sources of its 
poisoning being lead joints of cast iron pipes, lead pipes used for connecting 
plumbing fixtures, washbasins, kitchen sinks, lead paints used for painting 
steels, ^Naier storage tanks and lead compounds used as stabilizers in some 
plastic pipes. 
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Cadmium is regarded as one of the most toxic elements in the 
environment. Its persistence in the environment, rapid uptake and 
accumulation by food-chain crops contributes to its potential environmental 
hazards. It is widely distributed over the earth's surface. Non-ferrous metal 
mines, smelters and refineries, coal combustion, refuse incineration, iron and 
steel industries and phosphate fertilizer manufacture are the major 
anthropogenic sources of atmospheric cadmium emissions. Cadmium in 
small quantities may be released from zinc galvanized plumbing. Cadmium 
interacts with other metals like zinc and may influence the relative 
distribution of zinc in the body. Its long-term low-level exposure leads to 
renal dysfunctions. It also disturbs glucose homeostasis in human body. 
Therefore, mercury, cadmium and lead are the potential pollutants in the 
environment. 
The following pages summarize the extensive adsorption studies, 
carried on SDS-CeP, DPC-CeP, CTAB-CeP, TX-100CeP, DPC-SnP and 
TX-100SnP, ion-exchangers for alkaline earths and heavy metal ions in 
different acidic media. The materials, DPC-CeP and TX-100CeP have been 
found highly selective for Hg(ll), CTAB-CeP and DPC-SnP for Cd(ll) and 
SDS-CeP for Pb(ll) ions while TX-100SnP has been found selective for 
Fe(lll), Hg(ll) and Pb(ll) ions. Some binary separations of metal ions on their 
columns have also been carried out to explore their significant role in 
environmental pollution-control. 
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5.2. RESULTS AND DISCUSSION 
5.2.1. ADSORPTION STUDIES 
The adsorption behaviour of surfactant based Ce(IV) and Sn(IV) 
phosphates has been studied in DMW and different concentrations of HCI, 
HNO3 and HCIO4 media. The distribution coefficients for alkaline earths and 
heavy metal ions in the above mentioned media are reported in Tables 
5.1-5.8. The adsorption study highlights some interesting features of these 
materials. These studies reveal the good adsorption of metal ions on 
surfactant based Ce(IV) and Sn(IV) pho^^ phates (Tables 5.2-5.5 and 
5.7-5.8) as compared to that on Ce(IV) and Sn(IV) phosphates (Tables 5.1 
and 5.6). It may be due to the presence of surfactants in the matrix of Ce 
and Sn(IV) phosphates which firstly, reduce the interfacial tensions^^^ 
between the solid (exchange materials) and liquid (metal ion solutions) 
phases from which adsorption takes place. Secondly, the surfactants may 
form the complexes^^^ with the metal ions and thereby, enhance the 
adsorption. An another important factor may be an increment in interlayer 
distances of the exchangers due to the intercalation of layered Ce(IV) and 
Sn(IV) phosphates with surfactants. As a result, the adsorption of metal ions 
is enhanced. 
The Kd-values of the metal ions decrease with the increase in 
concentration of acids following the usual behaviour of any ion-exchanger. In 
case of SDS-CeP, in all the studied alkaline earths, SDS-CeP adsorbs Sr(ll) 
more strongly in DMW and HNO3 while adsorbs strongly Ba(ll) and Ca(ll) in 
HCI and HCIO4 media, respectively (Table 5.2). Among the heavy metals, 
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Pb(ll) is most strongly adsorbed on SDS-CeP in all of these media. The 
order of adsorption of alkaline earths and heavy metals on SDS-CeP in 
DMW, HCI, HNO3 and HCIO4 is as follows: 
DMW: Sr(ll 
Pb(ll 
0.01MHCI: Ba(ll 
Pb(ll 
0.1M HCI: Ba(ll 
Pb(ll 
1M HCI: Ba(ll 
Pb(ll 
0.01M HN03:Mg(ll 
Pb(ll 
O.IMHNO3: Sr(ll) 
Pb(ll 
IMHNO3: Sr(ll) 
Pb(ll 
0.01M HCI04:Ca(ll 
Pb(ll 
0.1MHCiO4: Ca(ll 
Pb(ll 
IMHCIO4: Ba(ll 
Pb(ll 
> Ba(ll) > Mg(ll) > Ca(ll) 
> Hg(ll) > Cu(ll) > Mn(ll) > Fe(lll) > Co(ll) > Ni(ll) > Cd(ll) 
> Mg(ll) > Ca(ll) = Sr(ll) 
> Hg(ll) > Cu(ll) > Ni(ll) = Mn(ll) > Cd(ll) > Fe(lll) > Co(ll) 
> Mg (II) > Sr(ll) > Ca(ll) 
> Hg(ll) > Ni(ll) > Fe(lll) = Cu(ll) > Cd(ll) = Mn(ll) > Co(ll) 
> Mg(ll) > Sr(ll) > Ca(ll) 
> Hg(ll) > Ni(ll) > Cu (II) > Cd(ll) > Mn(ll) > Fe(lll) > Co(ll) 
> Ba(ll) > Sr(ll) > Ca(ll) 
> Hg(ll) > Mn(ll) > Co(ll) > Cd(ll) = Ni(ll) > Cu(ll) > Fe(lll) 
> Ba(ll) > Mg(ll) > Ca(ll) 
> Hg(ll) > Mn(ll) > Co(ll) > Cd(ll) > Ni(ll) > Fe(lll) > Cu(ll) 
> Ba(ll) > Mg(ll) > Ca(ll) 
> Hg(ll) > Mn(ll) > Co(ll) > Ni(ll) = Cd(ll) > Fe(lll) > Cu(ll) 
> Ba(ll) > Sr(ll) > Mg(ll) 
> Hg(ll) > Cd(ll) > Cu(ll) > Mn(ll) > Fe(lll) > Co(ll) > Ni(ll) 
> Ba(ll) > Mg(ll) > Sr(ll) 
> Hg(ll) > Cu(ll) > Cd(ll) = Mn(ll) > Fe(lll) >Co(ll) > Ni(ll) 
> Sr(ll) > Mg(ll) > Ca(ll) 
> Hg(ll) = Cu(ll) >Mn(ll) > Cd(ll) > Fe(lll) > Co(ll) > Ni(ll) 
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The adsorption of Ba(ll) is liigher on DPC-CeP (Table 5.3) in all the 
studied media, whereas DPC-SnP shows higher adsorption of Ba(ll) in DMW 
and HCI (Table 5.7). In HNO3 and HCIO4 media, DPC-SnP shows higher 
adsorption of Ca(ll) and Mg(ll), respectively. Among the heavy metals, Hg(ll) 
ions are most strongly adsorbed on DPC-CeP, and Cd(ll) on DPC-SnP. The 
order of adsorption of alkaline earths and heavy metals on DPC-CeP in the 
above media is as follows: 
DMW: Ba(ll) > Sr(ll) > Mg(ll) > Ca(ll) 
Hg(ll) > Cd(ll) > Pb(ll) > Cu(ll) > Ni(ll) > Fe(lll) > Co(ll) > Mn(ll) 
0.01M HCI: Ba(ll) > Mg(ll) > Ca(ll) = Sr(ll) 
Hg(ll) > Cd(ll) > Pb(ll) > Fe(lll) > Co(ll) > Cu(ll) > Mn(ll) > Ni(ll) 
0.1M HCI: Ba(ll) > Mg(ll) > Ca(ll) = Sr(ll) 
Hg(ll) > Cd(ll) > Cu(ll) > Mn(ll) > Pb(ll) > Fe(lll) > Co(ll) > Ni(ll) 
1M HCI: Ba(ll) > Mg(ll) > Ca(ll) = Sr(ll) 
Hg(ll) > Cd(ll) > Cu(ll) > Mn(ll) > Pb(ll) > Fe(lll) > Co(ll) > Nl(ll) 
0.01M HNO3: Ba(ll) > Sr(ll) > Mg(ll) > Ca(ll) 
Hg(ll) > Cd(ll) > Mn(ll) > Pb(ll) > Fe(lll) > Co(ll) > Cu(ll) > Ni(ll) 
0.1M HNO3: Ba(ll) > Mg(ll) > Sr(ll) > Ca(ll) 
Hg(ll) > Cd(ll) > Fe(lll) > Co(ll) > Mn(ll) > Cu(ll) > Ni(ll) > Pb(ll) 
1M HNO3: Ba(ll) > Mg(ll) > Sr(ll) > Ca(ll) 
Hg(ll) > Cd(ll) > Mn(ll) > Fe(lll) > Co(ll) > Cu(ll) > Ni(ll)> Pb(ll) 
0.01M HCI04:Ba(ll) > Sr(ll) > Mg(ll) > Ca(ll) 
Hg(ll) > Cd(ll) > Cu(ll) > Mn(ll) > Ni(ll) > Co(ll) > Pb(ll) > Fe(lll) 
0.1M HCIO4: Ba(ll) > Sr(ll) > Mg(ll) > Ca(ll) 
Hg(ll) > Cd(ll) > Cu(ll) > Ni(ll) > Mn(ll) > Co(ll) > Fe(lll) > Pb(ll) 
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1M HCIO4: Ba(ll) > Mg(ll) > Ca(ll) = Sr(ll) 
Hg(ll) > Cd(ll) > Cu(ll) > Mn(ll) > Co(ll) > Ni(ll) > Fe(lll) > Pb(ll) 
While the adsorption of metals on DPC-SnP follows the order: 
DMW: Ba(ll) > Sr(ll) > Mg(ll) > Ca(ll) 
Cd(ll) >Fe(lll) >Cu(ll) >Hg(ll) >Co(ll) >Pb(ll) >Mn(ll) >Ni(ll) 
0.01M HCI: Ba(ll) > Mg(ll) > Ca(ll) > Sr(ll) 
Cd(ll) >Cu(ll) >Co(ll) >Hg(ll) >Fe(lll) >Pb(ll) >Mn(ll) >Ni(ll) 
0.1M HCI: Ba(ll) > Mg(ll) > Sr(ll) > Ca(ll) 
Cd(ll) >Cu(ll) >Hg(ll) >Fe(lll) >Co(ll) >Pb(ll) >Ni(ll) >Mn(ll) 
1M HCI: Ba(ll) > Mg(ll) > Ca(ll) > Sr(ll) 
Cd(ll) >Cu(ll) >Hg(ll) >Co(ll) >Pb(ll) >Fe(lll) >Mn(ll) >Ni(ll) 
0.01M HNO3: Ca(ll) > Ba(ll) > Sr(ll) > Mg(ll) 
Cd(ll) >Fe(lll) >Cu(ll) >Co(ll) >Hg(ll) >Mn(ll) >Ni(ll) >Pb(ll) 
0.1M HNO3: Ca(ll) > Ba(ll) > Sr(ll) > Mg(ll) 
Cd(ll) >Cu(ll) >Fe(lll) >Co(ll) >Hg(ll) >Mn(ll) >Pb(ll) >Ni(ll) 
1M HNO3: Ca(ll) > Ba(ll) > Mg(ll) > Sr(ll) 
Cd(ll) >Cu(ll) >Co(ll) >Fe(lll) >Hg(ll) >Mn(ll) >Pb(ll) >Ni(ll) 
0.01M HCI04:Mg(ll) > Ca(ll) > Ba(ll) > Sr(ll) 
Cd(ll) >Fe(lll) >Hg(ll) >Co(ll) >Pb(ll) = Cu(ll) >Ni(ll) >Mn(ll) 
0.1M HCIO4: Mg(ll) > Ba(ll) > Ca(ll) > Sr(ll) 
Cd(ll) >Fe(lll) >Co(ll) >Cu(ll) >Hg(ll) >Pb(ll) >Mn(ll) >Ni(ll) 
1M HCIO4: Ba(ll) > Ca(ll) > Sr(ll) > Mg(ll) 
Cd(ll) >Hg(ll) >Co(ll) >Cu(ll) = Pb(ll) >Fe(lll) >Mn(ll) >Ni(ll) 
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In case of CTAB-CeP, Sr(ll) is strongly adsorbed on the exchanger in 
DMW and HCIO4 media while Ba(ll) and Mg(ll) are strongly adsorbed in HCI 
and HNO3 media (Table 5.4), respectively. Among the studied heavy metals, 
the adsorption of Cd(ll) ions is exceptionally high. The adsorption of metals 
follows the order: 
DMW: Sr(ll) > Ba(ll) > Mg(ll) > Ca(ll) 
Cd(ll) > Co(ll) > Ni(ll) > Pb(ll) > Fe(lll) > Hg(ll) > Cu(ll) > Mn(ll) 
0.01M HCI: Ba(ll) > Ca(ll) > Mg(ll) > Sr(ll) 
Cd(ll) > Pb(ll) > Ni(ll) > Fe(lll) > Co(ll) > Hg(ll) > Cu(ll) > Mn(ll) 
0.1M HCI: Ba(ll) > Ca(ll) > Mg(ll) > Sr(ll) 
Cd(ll) > Ni(ll) > Pb(ll) > Co(ll) > Hg(ll) > Fe(lll) > Cu(ll) > Mn(ll) 
1M HCI: Ba(ll) > Ca(ll) > Mg(ll) > Sr(ll) 
Cd(ll) > Pb(ll) > Co(ll) > Hg(ll) > Ni(ll) > Fe(lll) > Cu(ll) > Mn(ll) 
0.01M HNO3: Mg(ll) > Ca(ll) > Ba(ll) > Sr(ll) 
Cd(ll) > Hg(ll) > Pb(ll) > Co(ll) > Cu(ll) > Mn(ll) > Fe(lll) > Ni(ll) 
0.1M HNO3: Mg(ll) > Ca(ll) > Ba(ll) > Sr(ll) 
Cd(ll) > Hg(ll) > Cu(ll) > Mn(ll) > Pb(ll) > Co(ll) > Ni(ll) > Fe(lll) 
1M HNO3: Ca(ll) > Ba(ll) > Mg(ll) > Sr(ll) 
Cd(ll) > Cu(ll) = Hg(ll) > Pb(ll) > Ni(ll) > Fe(lll) > Co(ll) > Mn(ll) 
0.01M HCI04:Sr(ll) > Ba(ll) > Ca(ll) > Mg(ll) 
Cd(ll) > Ni(ll) > Co(ll) > Fe(lll) > Pb(ll) > Hg(ll) > Mn(ll) > Cu(ll) 
0.1M HCIO4: Sr(ll) > Ba(ll) > Ca(ll) > Mg(ll) 
Cd(ll) > Fe(lll) > Co(ll) > Ni(ll) > Pb(ll) > Hg(ll) > Mn(ll) > Cu(ll) 
1M HCIO4: Ba(ll) > Ca(ll) > Mg(ll) > Sr(ll) 
Cd(ll) > Co(ll) > Hg(ll) > Pb(ll) > Ni(ll) > Fe(lll) > Cu(ll) > Mn(ll) 
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In case of TX-100CeP, Ca(ll) is more strongly adsorbed on the 
exchanger in DMW and HCI while adsorption of Sr(ll) is higher in HNO3 and 
HCIO4 media (Table 5.5). Ba(ll) is poorly adsorbed in all of these media but, 
it is more strongly adsorbed on TX-100SnP in DMW and HCI. In HNO3 and 
HCIO4 media (Table 5.8), TX-100SnP shows higher adsorption of Mg(ll) 
ions. Among the heavy metals, Hg(ll) is most strongly adsorbed on the TX-
lOOCePin DMW, HCI, HNO3 and HCIO4 media while TX-100SnP shows the 
higher adsorption of Fe(lll), Pb(ll) and Hg(ll) in all of these media. The 
adsorption of metals on TX-100CeP follows the order: 
DMW: Ca(ll) > Mg(ll) > Sr(ll) > Ba(ll) 
Hg(ll) > Cu(ll) > Mn(ll) > Co(ll) > Cd(ll) > Pb(ll) > Fe(lll) > Ni(ll) 
0.01M HCI: Ca(ll) = Sr(ll) > Mg(ll) > Ba(ll) 
Hg(ll) > Cu(ll) > Mn(ll) > Fe(lll) > Co(ll) > Ni(ll) > Cd(ll) > Pb(ll) 
0.1M HCI: Ca(ll) > Mg(ll) > Sr(ll) > Ba(ll) 
Hg(ll) > Cu(ll) > Co(ll) > Ni(ll) = Mn(ll) > Fe(lll) > Cd(ll) > Pb(ll) 
1M HCI: Ca(ll) > Mg(ll) > Sr(ll) > Ba(ll) 
Hg(ll) > Cu(ll) > Co(ll) > Ni(ll) = Mn(ll) > Fe(lll) > Cd(ll) > Pb(ll) 
0.01M HNO3: Mg(ll) > Ca(ll) > Ba(ll) > Sr(ll) 
Hg(ll) > Cu(ll) > Co(ll) > Mn(ll) > Cd(ll) > Pb(ll) > Fe(lll) > Ni(ll) 
0.1M HNO3: Sr(ll) > Ba(ll) > Mg(ll) > Ca(ll) 
Hg(ll) > Cu(ll) > Co(ll) > Mn(ll) > Pb(ll) > Cd(ll) > Fe(lll) > Ni(ll) 
1M HNO3: Sr(ll) > Mg(ll) > Ca(ll) > Ba(ll) 
Hg(ll) > Cu(ll) > Mn(ll) > Co(ll) > Pb(ll) > Fe(lll) > Cd(ll) > Ni(ll) 
0.01M HCI04:Sr(ll) > Ca(ll) > Mg(ll) > Ba(ll) 
Hg(ll) > Co(ll) > Cu(ll) > Mn(ll) > Fe(lll) > Ni(ll) = Cd(ll) > Pb(ll) 
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0.1M HCIO4: Sr(ll) > Ca(ll) > Mg(ll) > Ba(ll) 
Hg(ll) > Co(ll) > Cu(ll) > Mn(ll) > Fe(lll) > Ni(ll) > Cd(ll) > Pb(ll) 
1M HCIO4: Sr(ll) > Ca(ll) > Mg(ll) > Ba(ll) 
Hg(ll) > Co(ll) > Cu(ll) > Mn(ll) > Fe(lll) > Cd(ll) > Pb(ll) > Ni(ll) 
And, the adsorption of these metals on TX-100SnP follows the order: 
DMW: Ba(ll) > Mg(ll) > Ca(ll) > Sr(ll) 
Fe(lll) >Pb(ll) >Cu(ll) >Cd(ll) >Hg(ll) >Co(ll) >Mn(ll) >NI(II) 
0.01M HCI: Ba(ll) > Mg(ll) > Ca(ll) > Sr(ll) 
Fe(lll) >Pb(ll) >Cu(ll) >Cd(ll) >Hg(ll) >Co(ll) >Mn(ll) >Ni(ll) 
0.1M HCI: Ba(ll) > Mg(ll) > Ca(ll) > Sr(ll) 
Pb(ll) = Fe(lll) >Hg(ll) >Cd(ll) >Cu(ll) >Co(ll) >Mn(ll) >Ni(ll) 
1M HCI: Ba(ll) > Mg(ll) > Ca(ll) > Sr(ll) 
Fe(lll) >Pb(ll) >Hg(ll) >Cd(ll) >Cu(ll) >Co(ll) >Ni(ll) >Mn(ll) 
0.01M HNO3: Mg(ll) > Ba(ll) > Sr(ll) > Ca(ll) 
Fe(lll) >Pb(ll) = Cu(ll) >Hg(ll) >Co(ll) >Cd(ll) >Mn(ll) >Ni(ll) 
0.1M HNO3: Mg(ll)> Ba(ll) > Ca(ll) > Sr(ll) 
Pb(ll) = Fe(lll) = Cu(ll) >Hg(ll) >Co(ll) >Mn(ll) >Cd(ll) >Ni(ll) 
1M HNO3: Ba(ll) > Mg(ll) > Ca(ll) > Sr(ll) 
Hg(ll) >Fe(lll) >Pb(ll) >Co(ll) >Cu(ll) >Cd(ll) >Ni{ll) >Mn(ll) 
0.01M HCI04:Mg(ll) > Ba(ll) > Ca(ll) > Sr(ll) 
Hg(ll) >Cd(ll) >Pb(ll) = Cu(ll) >Co(ll) >Mn(ll) >Ni(ll) 
0.1M HCIO4: Mg(ll) > Ba(ll) > Ca(ll) > Sr(ll) 
Cd(ll) >Fe(lll) >Pb(ll) >Hg(ll) >Co(ll) >Mn(ll) >Cu(ll) >Ni(ll) 
1M HCIO4: Mg(ll) > Ba(ll) > Ca(ll) > Sr(ll) 
Fe(lll) >Pb(ll) >Cd(ll) >Hg(ll) >Cu(ll) >Co(ll) >Mn(ll) >Ni(ll) 
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As it is clear from the results discussed above, there is no definite 
order of preferential adsorption of the metal ions. There may be so many 
reasons for this uneven trend, the most important being the amorphous or 
poorly crystalline nature of the ion-exchange materials, synthesized in these 
studies, and the complex nature of the ion-exchanger matrix. The exchanger 
consists of the inorganic salts such as Ce(IV) phosphate and Sn(IV) 
phosphate and the organic, surfactant part which may be behaving 
differently with the metal ions in different media. The different adsorption 
capability of the surfactants with the metal ions may be another reason of 
this irregular behaviour. The interaction of metal ions and surfactants is 
goverened by mainly ionic or polar van der Waals interactions, between 
surfactants and metal ions. The molecular structure of the surfactants and 
hydrogen-bonding and specific cation-TT^^ interaction between surfactants 
and metal ions also play key role in the adsorption of metal ions. The 
contribution of other factors, such as polarity/dielectric constant of water, 
water structure, viscosity, ionic strength (for ionic surfactants), charge 
density of metal ions etc. should also be considered in the association of 
metals with surfactant based Ce(IV) and Sn(IV) phosphates. Thus, the 
various factors which may be affecting the ion-exchange/adsorption 
processes taking place, in the presently studied materials may be the 
following: 
1. lon-exchange/adsorption characteristics of the inorganic part of the 
materials. 
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2. lon-exchange/adsorption characteristics of the surfactants which are 
governed by its complex forming or the metal counter ion binding 
ability. 
3. Binding of surfactants in the layers of inorganic ion-exchangers. 
4. The ionic and hydrated ionic radii of the exchanging/adsorbing ions. 
5. pH of the media. 
6. Charge density of the metal ions. 
7. Affinity of metal ions to the surfactant. 
On the basis of adsorption studies, the materials (DPC-CeP and 
TX-100CeP) have shown high selectivity for Hg(ll) ions, CTAB-CeP and 
DPC-SnP for Cd(ll) ions and SDS-CeP for Pb(ll) ions whereas TX-100SnP 
has shown selectivity towards Fe(lll), Hg(ll) and Pb(ll) ions, indicating their 
importance in environmental studies. 
5.2.2. BINARY SEPARATIONS 
On the basis of the selectivity of surfactant based Ce(IV) and Sn(IV) 
phosphates, several binary separations of metal ions have been performed 
on the columns of these synthesized materials, revealing their analytical 
importance. 
The SDS-CeP has shown a high selectivity for Pb(ll) ions which is 
among the major water pollutant. Hence, some binary separations of Pb(ll) 
from Cd(ll), Hg(ll), Ni(ll) and Mg(ll) has been performed on its columns, as 
shown in Figure 5.1. 
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The DPC-CeP and TX-100CeP have shown high selectivity towards 
Hg(ll) ions. Hence, their analytical utility has been established by achieving 
some binary separations of Hg(ll) from other ions, as: Mg(ll)-Hg(ll), 
Ca(ll)-Hg(ll), Sr(ll)-Hg(ll) and Pb(ll)-Hg(ll) on DPC-CeP columns 
(Figure 5.2) and Pb(ll)-Hg(ll), Ni(ll)-Hg(ll) and Ca(ll)-Hg(ll) on TX-100CeP 
columns (Figure 5.4). 
The adsorption studies of CTAB-CeP and DPC-SnP reveal that the 
selectivity of these materials is higher for Cd(ll), in all the studied metals. 
Therefore, the binary separations of Cd(ll) from other metal ions have been 
carried out. For example, on CTAB-CeP, the possible separations are: 
Hg(ll)-Cd(ll), Mg(ll)-Cd(ll), Sr(ll)-Cd(ll) and Ni(ll)-Cd(ll), as shown in Figure 
5.3 while on DPC-SnP columns, the possible separations are: Pb(ll)-Cd(ll), 
Hg(ll)-Cd(ll), Ni(ll)-Cd(ll) and Ba(ll)-Cd(ll), as shown in Figure 5.5. 
In case of TX-100SnP, it shows selectivity for Fe(lll), Hg(ll) and Pb(ll) 
ions. Hence, the separations of Hg(ll), Pb(ll) and Fe(lll) from Ni(ll) have 
been carried out on its columns (Figure 5.6). The separations are quite 
precise as the results are shown in Tables 5.9-5.14. 
These studies point out that the surfactant based Ce(IV) and Sn(IV) 
phosphates may be of great importance in environmental and pollution 
chemistry where the separation of the above mentioned metal ions is 
required. Further, they may be helpful in removing these harmful 
non-biodegradable ionic pollutants/impurities from aqueous systems 
efficiently. 
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Table 5.1: Kd values of some alkaline earths metals and heavy 
metal ions on CeP in DMW and different acid media 
Metal 
ions 
Mg(ll) 
Ca(ll) 
Sr(ll) 
Ba(ll) 
Fe(lll) 
Mn(ll) 
Nl(ll) 
Co(ll) 
Cu(ll) 
Cd(ll) 
Hg(ll) 
Pb(ll) 
DMW 
542.86 
528.57 
760.00 
740.00 
925.00 
650.00 
840.00 
740.00 
840.00 
557.14 
1400.0 
1366.7 
HCI 
0.01 M 
350.00 
388.89 
514.29 
740.00 
485.71 
542.86 
290.67 
740.00 
683.33 
411.11 
1400.0 
1366.7 
0.1M 
309.09 
340.00 
437.50 
600.00 
412.50 
246.15 
213.33 
425.00 
487.50 
318.18 
1025.0 
1000.0 
1M 
246.15 
300.00 
330.00 
500.00 
310.00 
181.25 
193.75 
281.82 
370.00 
228.57 
800.00 
528.57 
HNO3 
0.01 M 
309.09 
450.00 
514.29 
740.00 
925.00 
650.00 
422.22 
740.00 
422.22 
557.14 
1400.0 
1000.0 
0.1M 
275.00 
340.00 
437.50 
500.00 
485.71 
542.86 
327.27 
425.00 
291.67 
360.00 
800.00 
780.00 
1M 
200.00 
300.00 
377.78 
425.00 
355.56 
400.00 
261.54 
320.00 
261.54 
283.33 
650.00 
633.33 
HCIO4 
0.01 M 
542.86 
633.33 
975.00 
950.00 
485.71 
800.00 
840.00 
740.00 
840.00 
557.14 
1400.0 
1366.7 
0.1M 
400.00 
450.00 
760.00 
600.00 
412.50 
462.50 
571.43 
600.00 
571.43 
411.11 
1025.0 
1000.0 
1M 
309.09 
340.00 
514.25 
500.00 
270.27 
400.00 
370.00 
366.67 
370.00 
360.00 
542.86 
780.00 
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Table 5.2: Kd values of some alkaline earths and heavy metal 
ions on SDS-CeP in DMW and different acid media 
Metal 
ions 
Mg(ll) 
Ca(ll) 
Sr(ll) 
Ba(ll) 
Fe(lll) 
Mn(ll) 
Ni(ll) 
Co(ll) 
Cu(ll) 
Cd(ll) 
Hg(ll) 
Pb(ll) 
DMW 
840.00 
650.00 
1025.0 
960.00 
1000.0 
1050.0 
820.00 
975.00 
1075.0 
800.00 
1466.7 
4400.0 
HCI 
0.01M 
683.33 
542.86 
542.86 
960.00 
780.00 
820.00 
820.00 
760.00 
840.00 
800.00 
1075.0 
2150.0 
0.1 M 
571.43 
462.50 
542.86 
960.00 
683.33 
666.67 
820.00 
616.67 
683.33 
666.67 
1075.0 
2150.0 
1M 
487.50 
350.00 
462.50 
616.67 
528.57 
557.14 
666.67 
514.29 
571.43 
557.43 
840.00 
1400.0 
HNO3 
0.01M 
840.00 
542.86 
650.00 
760.00 
528.57 
1050.0 
666.67 
975.00 
571.43 
666.67 
1075.0 
2150.0 
0.1M 
571.43 
462.50 
650.00 
616.67 
528.57 
820.00 
557.14 
760.00 
487.50 
557.43 
840.00 
1400.0 
1M 
422.22 
400.00 
462.50 
437.50 
450.00 
666.67 
475.00 
514.29 
422.22 
475.00 
683.33 
1025.0 
HCIO4 
0.01M 
487.50 
650.00 
542.86 
616.67 
633.33 
666.67 
557.14 
616.67 
683.33 
800.00 
1075.0 
2150.0 
0.1M 
487.50 
542.86 
462.50 
514.29 
528.57 
666.67 
475.00 
514.29 
683.33 
666.67 
840.00 
1400.0 
1M 
370.00 
350.00 
400.00 
437.50 
450.00 
557.14 
411.11 
437.50 
571.43 
475.00 
571.43 
800.00 
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Table 5.3: Kd values of some alkaline earths and heavy metal 
ions on DPC-CeP in DMW and different acid media 
Metal 
Ions 
Mg(ll) 
Ca(ll) 
Sr(ll) 
Ba(ll) 
Fe(lll) 
Mn(ll) 
Ni(ll) 
Co(ll) 
Cu(ll) 
Cd(ll) 
Hg(li) 
Pb(ll) 
DMW 
683.33 
542.86 
800.00 
975.00 
1000.0 
820.00 
1050.0 
975.00 
1075.0 
2200.0 
TA 
1400.0 
HCI 
0.01 M 
571.43 
542.86 
542.86 
760.00 
780.00 
666.67 
557.14 
760.00 
683.33 
2200.0 
4600.0 
800.0 
0.1M 
487.50 
462.50 
462.50 
616.67 
528.57 
557.14 
475.00 
514.29 
571.43 
1433.3 
2250.0 
542.86 
1M 
422.22 
400.00 
400.00 
514.29 
450.00 
475.00 
411.11 
437.50 
487.50 
1050.0 
1466.7 
462.50 
HNO3 
0.01 M 
571.43 
462.50 
650.00 
975.00 
633.33 
666.67 
475.00 
616.67 
487.50 
1433.3 
1466.7 
650.00 
0.1 M 
487.50 
400.00 
462.50 
760.00 
528.57 
475.00 
411.11 
514.29 
422.22 
820.00 
1075.0 
350.00 
1M 
370.00 
309.09 
350.00 
616.67 
388.89 
411.11 
360.00 
377.78 
370.00 
666.67 
683.33 
275.00 
HCIO4 
0.01 M 
487.50 
462.50 
650.00 
760.00 
450.00 
820.00 
666.67 
616.67 
840.00 
1050.0 
1075.0 
462.50 
0.1M 
422.22 
350.00 
462.50 
514.29 
388.89 
475.00 
557.14 
437.50 
683.33 
820.00 
1075.0 
309.09 
1M 
370.00 
275.00 
275.00 
437.50 
300.00 
411.11 
318.18 
377.78 
487.50 
666.67 
683.33 
246.15 
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Table 5.4: Kd values of some alkaline earths and heavy metal 
ions on CTAB-CeP in DMW and different acid media 
Metal 
ions 
Mg(ll) 
Ca(ll) 
Sr(ll) 
Ba(ll) 
Fe(lll) 
Mn(ll) 
Ni(ll) 
Co(ll) 
Cu(ll) 
Cd(ll) 
Hg(ii) 
Pb(ll) 
DMW 
840.00 
800.00 
1025.0 
975.00 
1000.0 
666.67 
1050.0 
1333.3 
683.33 
4500.0 
840.00 
1025.0 
HCI 
0.01M 
683.33 
800.00 
650.00 
975.00 
780.00 
557.14 
820.00 
760.00 
571.43 
2200.0 
683.33 
1025.0 
0.1M 
571.43 
650.00 
542.86 
760.00 
528.57 
475.00 
666.67 
616.67 
487.50 
1433.3 
571.43 
650.00 
1M 
487.50 
542.86 
462.50 
616.67 
450.00 
411.11 
475.00 
514.29 
422.22 
1050.0 
487.50 
542.86 
HNO3 
0.01 M 
840.00 
800.00 
650.00 
760.00 
633.33 
666.67 
557.14 
760.00 
683.33 
4500.0 
840.00 
800.00 
0.1M 
571.43 
542.86 
462.50 
514.29 
450.00 
557.14 
475.00 
514.29 
571.43 
2200.0 
683.33 
542.86 
1M 
422.22 
462.50 
350.00 
437.50 
388.89 
360.00 
411.11 
377.78 
487.50 
1433.3 
487.50 
462.50 
HCIO4 
0.01M 
571.43 
650.00 
800.00 
760.00 
780.00 
475.00 
1050.0 
975.00 
422.22 
2200.0 
571.43 
650.00 
0.1M 
487.50 
542.86 
650.00 
616.67 
633.33 
411.11 
557.14 
616.67 
370.00 
1050.0 
487.50 
542.86 
1M 
422.22 
462.50 
400.00 
514.29 
340.00 
318.18 
360.00 
437.50 
327.27 
820.00 
422.22 
400.00 
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Table 5.5: Kd values of some alkaline earths and heavy metal 
ions on TX-100CeP in DMW and different acid media 
Metal 
Ions 
Mg(ll) 
Ca(ll) 
Sr(ll) 
Ba(ll) 
Fe(lll) 
Mn(ll) 
Ni(ll) 
Co(ll) 
Cu(ll) 
Cd(ll) 
Hg(ll) 
Pb(ll) 
DMW 
683.33 
800.00 
650.00 
616.67 
633.33 
820.00 
557.14 
760.00 
840.00 
666.67 
2250.0 
650.00 
HCI 
0.01 M 
571.43 
650.00 
650.00 
514.29 
633.33 
666.67 
557.14 
616.67 
683.33 
475.00 
1466.7 
400.00 
0.1M 
487.50 
542.86 
462.50 
437.50 
450.00 
475.00 
475.00 
514.29 
571.43 
411.11 
1075.0 
350.00 
1M 
422.22 
462.50 
400.00 
377.78 
388.89 
411.11 
411.11 
437.50 
487.50 
318.18 
840.00 
309.09 
HNO3 
0.01M 
683.33 
650.00 
542.86 
616.67 
528.57 
666.67 
475.00 
760.00 
840.00 
557.14 
2250.0 
542.86 
0.1M 
422.22 
400.00 
462.50 
437.50 
450.00 
557.14 
360.00 
616.67 
683.33 
475.00 
1466.7 
462.50 
1M 
370.00 
350.00 
400.00 
330.00 
388.89 
475.00 
318.18 
437.50 
487.50 
360.00 
1075.0 
400.00 
HCIO4 
0.01 M 
487.50 
542.86 
650.00 
437.50 
528.57 
557.14 
475.00 
616.67 
571.43 
475.00 
2250.0 
462.50 
0.1M 
370.00 
462.50 
542.86 
330.00 
450.00 
475.00 
411.11 
514.29 
487.50 
360.00 
1075.0 
350.00 
1M 
327.27 
400.00 
462.50 
290.91 
340.00 
360.00 
283.33 
437.50 
422.22 
318.18 
840.00 
309.09 
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Table 5.6: Kd values of some alkaline earths and heavy metal 
ions on SnP in DMW and different acid media 
Metal 
ions 
Mg(ll) 
Ca(ll) 
Sr(ll) 
Ba(ll) 
Fe(lll) 
Mn(ll) 
Ni(ll) 
Co(ll) 
Cu(ll) 
Cd(ll) 
Hg(ll) 
Pb(ll) 
DMW 
162.50 
192.86 
330.00 
900.00 
160.00 
104.35 
41.380 
330.00 
666.67 
311.11 
500.00 
164.71 
HCI 
0.01 M 
162.50 
215.38 
377.78 
700.00 
143.75 
88.000 
36.670 
377.78 
557.14 
270.00 
500.00 
164.71 
0.1M 
147.05 
173.33 
258.33 
700.00 
129.41 
80.770 
32.260 
258.33 
360.00 
184.61 
320.00 
150.00 
1M 
133.33 
156.25 
230.77 
471.43 
105.26 
56.670 
28.120 
186.67 
206.67 
146.67 
223.08 
114.29 
HNO3 
0.01 M 
320.00 
192.86 
616.67 
566.67 
160.00 
95.830 
36.670 
514.29 
411.11 
164.29 
500.00 
462.50 
0.1M 
281.80 
173.33 
616.67 
400.00 
143.75 
88.000 
24.240 
330.00 
360.00 
146.67 
425.00 
400.00 
1M 
200.00 
127.78 
377.78 
207.69 
105.26 
74.070 
17.140 
230.77 
253.85 
105.56 
281.82-
246.15 
HCIO4 
0.01 M 
366.67 
272.73 
330.00 
471.43 
225.00 
422.22 
95.240 
437.50 
557.14 
184.61 
740.00 
650.00 
0.1M 
320.00 
215.38 
290.90 
344.44 
178.57 
327.27 
78.260 
377.78 
360.00 
160.00 
500.00 
542.86 
1M 
200.00 
141.18 
168.75 
207.69 
105.26 
235.71 
64.000 
186.67 
253.85 
131.25 
425.00 
309.09 
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Table 5.7: Kd values of some metal ions on DPC-SnP in DMW 
and different acid media 
Metal 
ions 
Mg(ll) 
Ca(ll) 
Sr(ll) 
Ba(ll) 
Fe(lll) 
Mn(ll) 
Nl(ll) 
Co(ll) 
Cu(ll) 
Cd(ll) 
Hg(ll) 
Pb(ll) 
DMW 
616.67 
600.00 
633.33 
800.00 
840.00 
557.14 
437.50 
720.00 
800.00 
3900.0 
780.00 
650.00 
HCI 
0.01 M 
514.28 
500.00 
450.00 
650.00 
571.43 
411.11 
377.78 
720.00 
800.00 
1233.3 
633.33 
542.86 
0.1M 
437.50 
366.67 
388.89 
462.50 
487.50 
318.18 
330.00 
485.71 
650.00 
900.00 
528.57 
462.50 
1M 
330.00 
320.00 
300.00 
400.00 
370.00 
283.33 
230.77 
412.50 
542.86 
700.00 
450.00 
400.00 
HNO3 
0.01 M 
437.50 
600.00 
528.57 
542.86 
683.33 
475.00 
377.78 
583.33 
650.00 
1900.0 
528.57 
350.00 
0.1 M 
377.78 
500.00 
388.89 
400.00 
422.22 
360.00 
290.91 
412.50 
462.50 
1233.3 
388.89 
309.09 
1M 
290.91 
425.00 
238.46 
350.00 
327.27 
253.85 
230.77 
355.56 
400.00 
900.00 
300.00 
246.15 
HCIO4 
0.01M 
616.67 
425.00 
340.00 
400.00 
683.33 
360.00 
377.78 
485.71 
462.50 
1233.3 
633.33 
462.50 
0.1M 
377.78 
320.00 
300.00 
350.00 
487.50 
283.33 
230.77 
412.50 
400.00 
700.00 
388.89 
350.00 
1M 
258.33 
281.82 
266.67 
309.09 
291.67 
206.67 
186.67 
310.00 
309.09 
566.67 
340.00 
309.09 
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Table 5.8: Kd values of some metal ions on TX-100SnP in DMW 
and different acid media 
Metal 
Ions 
Mg(ll) 
Ca(ll) 
Sr(ll) 
Ba(ll) 
Fe(lll) 
Mn(ll) 
Ni(ll) 
Co(ll) 
Cu(ll) 
Cd(ll) 
Hg(ll) 
Pb(ll) 
DMW 
760.00 
600.00 
528.57 
800.00 
2250.0 
666.67 
514.29 
720.00 
1400.0 
1233.3 
1000.0 
2150.0 
HCI 
0.01 M 
760.00 
500.00 
450.00 
800.00 
1466.7 
571.14 
437.50 
583.33 
1025.0 
900.00 
780.00 
1400.0 
0.1M 
514.29 
425.00 
388.89 
650.00 
1025.0 
360.00 
330.00 
485.71 
650.00 
700.00 
780.00 
1025.0 
1M 
437.50 
366.67 
340.00 
542.86 
840.00 
283.33 
290.91 
412.50 
542.86 
566.67 
633.33 
800.00 
HNO3 
0.01 M 
975.00 
500.00 
528.57 
650.00 
1466.7 
666.67 
616.67 
720.00 
1400.0 
700.00 
1366.7 
1400.0 
0.1M 
616.67 
425.00 
388.89 
542.86 
1025.0 
475.00 
377.78 
583.33 
1025.0 
471.43 
1000.0 
1025.0 
1M 
377.78 
366.67 
297.30 
400.00 
571.43 
318.18 
330.00 
485.71 
462.50 
344.44 
633.33 
542.86 
HCIO4 
0.01 M 
975.00 
740.00 
633.33 
800.00 
1025.0 
666.67 
514.29 
720.00 
1025.0 
1233.3 
1366.7 
1025.0 
0.1M 
616.67 
500.00 
450.00 
542.86 
840.00 
571.14 
437.50 
583.33 
542.86 
900.00 
780.00 
800.00 
1M 
514.29 
425.00 
388.89 
462.50 
683.33 
360.00 
330.00 
412.50 
462.50 
566.67 
528.57 
650.00 
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Table 5.9: Binary separations of metal ions achieved on 
SDS-CeP columns 
S.N. 
1. 
2. 
3. 
4. 
Sepa ra t i on 
ach ieved 
M^ l\/l2 
Cd( l l ) -Pb( l l ) 
Hg( l l ) -Pb( l l ) 
N i ( l l ) -Pb( l l ) 
Mg( l l ) -Pb( l l ) 
A m o u n t 
L o a d e d (^g) 
IVIi M2 
17984.0 33152.0 
32094.4 33152.0 
9390.94 33152.0 
3888.80 33152.0 
A m o u n t 
f o u n d (|jg) 
M i l\/l2 
17593.0 32415.3 
31411.5 31678.6 
9390.94 32415.3 
3806.10 33152.0 
E r ro r (%) 
M i M2 
-2.17 -2.22 
-2.13 -4.44 
0 -2.22 
-2.13 0 
E luan t u s e d 
Cd: IMHNO3 
Pb:0.1MHCIO4 
Hg: IMNH4CI 
+ 1MHCI 
Pb:0.1MHCIO4 
Ni: 0.1MHCI 
Pb:0.1MHCIO4 
Mg: O.IMHNO3 
Pb: 0.1M 
HCIO4 
V o l u m e 
o f 
e l u a n t 
(ml ) 
50 
70 
60 
60 
50 
60 
60 
70 
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Table 5.10: Binary separations of metal ions achieved on 
DPC-CeP columns 
S.N. 
1. 
2. 
3. 
4. 
Separation 
achieved 
Ml Ma 
Mg( l l ) -Hg( l l ) 
Ca( l l ) -Hg( l l ) 
Sr ( l l ) -Hg( l l ) 
Pb( l l ) -Hg( l l ) 
Amount 
Loaded (pg) 
M i M2 
3888.8 32094.4 
6412.48 32094.4 
14019.2 32094.4 
33152.0 32094.4 
Amount 
found (|jg) 
Ml M2 
3806.1 31411.5 
6412.48 30728.7 
13707.7 32094.4 
31678.6 31411.5 
Error (%) 
M i M2 
-2.13 -2.13 
0 -4.25 
-2.22 0 
-4.44 -2.13 
Eluant used 
Mg:0.1MHCI 
HgilMNH^CI 
+ 1MHCI 
Ca:0.1M 
HNO3 
Hg: IMNH4CI 
+ 1MHCI 
Sr: IMHNO3 
Hg: IMNH4CI 
+ 1MHCI 
Pb:0.1MHCIO4 
Hg: IMNH4CI 
+ 1MHC1 
Volume 
of 
eluant 
(ml) 
50 
50 
50 
60 
50 
60 
60 
50 
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Table 5.11: Binary separations of metal ions achieved on 
CTAB-CeP columns 
S.N. 
1. 
2. 
3. 
4. 
Separa t ion 
ach ieved 
M l l\/l2 
Hg( l l ) -Cd( l l ) 
Mg( l l ) -Cd( l l ) 
Sr ( l l ) -Cd( l l ) 
N i ( l l ) -Cd( l l ) 
A m o u n t 
Loaded (|jg) 
Mi l\/l2 
32094.4 17984.0 
3888.80 17984.0 
14019.2 17984.0 
9390.90 17984.0 
Amount 
found (|jg) 
M i Mz 
32094.4 17593.0 
3806.10 7202.1 
13707.7 7984.0 
9186.75 7202.1 
E r ro r (%) 
M i JMz 
0 -2.17 
-2.13 -4.35 
-2.22 0 
-2.17 -4.35 
E l u a n t u s e d 
Hg: IMNH4CI 
+ 1MHGI 
Cd: IMHCIO4 
Mg:0.1MHCI 
Cd: IMHCIO4 
Sr: O.IMHNO3 
Cd: IMHCIO4 
Ni: IMHNO3 
Cd: IMHCIO4 
V o l u m e 
o f 
e l u a n t 
(ml ) 
50 
60 
50 
50 
50 
60 
50 
70 
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Table 5.12: Binary separations of metal ions achieved on 
TX-100CeP columns 
S.N. 
1. 
2. 
3. 
Separation 
achieved 
IVIi Mi 
Pb(ll)-Hg(ll) 
Ni(ll)-Hg(ll) 
Ga(ll)-Hg(ll) 
Amount 
Loaded (pg) 
IVIi IMz 
33152.0 32094.4 
9390.90 32094.4 
6412.48 32094.4 
Amount 
found (pg) 
Mi M2 
32415.3 31411.5 
9390.90 31411.5 
6269.98 30728.7 
Error (%) 
IVI1 
-2.22 
0 
-2.22 
l\/l2 
-2.13 
-2.13 
-4.25 
Eluant used 
Pb: 1M HOI 
Hg: IMNH4CI 
+ 1MHCI 
Ni: 0.IMHCIO4 
Hg: IMNH4CI 
+ 1MHCI 
Ca:0.1MHNO3 
Hg: IMNH4CI 
+ 1MHCI 
Volume 
of 
eluant 
(ml) 
50 
60 
50 
40 
40 
50 
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Table 5.13: Binary separations of metal ions achieved on 
DPC-SnP columns 
S.N. 
1. 
2. 
3. 
4. 
Separation 
achieved 
M^ IVI2 
Pb (11) - Cd (II) 
Hg(ll)-Cd(ll) 
Ni(ll)-Cd(ll) 
Ba(ll)-Cd(ll) 
A m o u n t 
Loaded (pg) 
IMi M2 
24864.0 13488.0 
24070.8 13488.0 
7043.20 13488.0 
16479.2 13488.0 
Amount 
found (|jg) 
IVI1 IVI2 
24311.5 13150.8 
24070.8 12813.6 
6879.40 13488.0 
16112.9 12476.4 
Error (%) 
IVIi IVI2 
-2.20 
0 
-2.32 
-2.22 
-2.50 
-5.00 
0 
-2.50 
Etuant used 
Pb: 0.IMHCIO4 
Cd: IMHNO3 
Hg: IMNH4CI 
+ 1MHCI 
Cd: 1M HNO3 
Ni: 1MHCI 
Cd: IMHNO3 
Ba:0.01MHCIO4 
Cd: IMHNO3 
Volume 
of 
e luant 
(ml) 
60 
60 
70 
60 
50 
60 
50 
60 
161 
Table 5.14: Binary separations of metal ions achieved on 
TX-100SnP columns 
S.N. 
1. 
2. 
3. 
Separation 
achieved 
Ml Ma 
Ni(ll)-Hg(ll) 
Ni(ll)-Pb(ll) 
Ni(ll)-Fe(lll) 
Amount 
Loaded (pg) 
Ml Mz 
7043.0 24071 
7043.0 24864 
7043.0 6701.0 
Amount 
found (|jg) 
Ml M2 
7207.0 24071 
6879.0 24864 
6879.0 6416.0 
Error (%) 
M i 
+2.33 
-2.33 
-2.33 
Mz 
0 
0 
-A.25 
Eluant used 
Ni: 1MHCI 
Hg:1MNH4CI 
+ 1MHCI 
Ni: 1MHCI 
Pb: 0.IMHCIO4 
Ni: 1MHCi 
Fe: 1M HCIO4 
Volume 
of 
eluant 
(ml) 
60 
50 
50 
50 
50 
60 
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Figure 5.1: Separations of Cd(ll)-Pb(ll), Hg(ll)-Pb(ll), Ni(ll)-
Pb(ll) and Mg(ll)-Pb(ll) on sodium dodecyl sulphate based 
cerium(IV) phosphate columns: 
(a) IMHNO3 (b.d.f.h) 0.IMHCIO4 
(c) IMNH4CI + IMHCI (e) 0.1MHCI 
(g) O.IMHNO3 
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Figure 5.2: Separations of Mg(ll)-Hg(ll), Ca(ll)-Hg(ll), Sr(ll)-
Hg(ll) and Pb(ll)-Hg(ll) on N-dodecyl pyridinium chloride based 
cerium(IV) phosphate columns: 
(a) 0.1MHCI (b,d,f,h)1MNH4CI + 1MHCI 
(c) O.IMHNO3 (e) IMHNO3 
(g) O.IMHCIO4 
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Figure 5.3: Separations of Hg(ll)-Cd(ll), Mg(ll)-Cd(ll), Sr(ll)-
Cd(ll) and Ni(ll)-Cd(ll) on N-cetyl-N,N,N-trimethyl ammonium 
bromide based cerium(IV) phosphate columns: 
(a) IMNH4CI + IMHCI (b,d,f,h) IMHCIO4 
(c) 0.1MHCI (e) O.IMHNO3 
(g) IMHNO3 
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Figure 5.4: Separations of Pb(ll)-Hg(ll), Ni(ll)-Hg(ll) and Ca(ll)-
Hg(ll) on triton X-100 based cerium(IV) phosphate columns: 
(a) 1MHCI (b,d,f) 1M NH4CI + 1M HCI 
(c) O.IMHCIO4 (e) O.IMHNO3 
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Figure 5.5: Separations of Pb(ll)-Cd(ll), Hg(ll)-Cd(ll), Ni(ll)-
Cd(ll) and Ba(ll)-Cd(ll) on N-dodecyl pyridinium chloride based 
tin(IV) phosphate columns: 
(a) O.IMHCIO4 (b,d,f,h) IMHNO3 
(c) 1M NH4CI + 1M HCI (e) 1M HCI 
(g) O.OIMHCIO4 
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Figure 5.6: Separations of Ni(ll)-Hg(ll), Ni(ll)-Pb(ll) and Ni(ll)-
Fe(lll) on triton X-100 based tin(IV) phosphate columns: 
(a.c.e) 1MHCI (b) 1M NH4CI + 1M HCI 
(d) 0.IMHCIO4 (f) IMHCIO4 
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II Butyl acetate Ce(IV) phosphate a new Hg(II) selective 
inteicalated fibious ion exchanger has been synthesized and 
characterized by its ion exchange pioperties thermal stability and 
adsoiption behaviour ioi metal ions X lay IR TGA/DTA and 
SEM studies Etfect of suitactants on the adsoiption behavioui ot 
the material has also been studied The exchanger has been found 
to be selective for Hg(II) Hence it can be utilized foi the 
separation ot this metal ion tiom other heavy metals liom aqueous 
media Studies on the effect of surfactants on the adsoiption 
behaviour of this mateiial show that for heavy metals ion the 
idsoiption incieases with the concentiation ot anionic suitactants 
up to the CMC value and then decieases But for cationic 
surfactants the reveise is tiue For non ionic suifactant 
adsoiption remains constant up to the CMC value and then 
incieases For alkaline eaiths the exchanger shows the same tiend 
as above for cationic and non ionic suitactants However loi 
anionic suitactants it is constant thioughout the whole 
concentration lange 
IPC Code Int Cl*B01D15/04 B01J39/00 
The fibrous ton exchange materials' are now well 
recognized in environmental studies They aie used 
tor the separation ot harmful ionic impurities fiom 
gaseous and liquid media due to their high soiption 
etticiency They can also be used as cloth conveyei 
belts staples and in air filters water filters and diy 
scrubbers 
Recently, vaiious hybrid tibious ion exchangers^'' 
have been synthesized in these laboiatones by 
combining oiganic polymeiic species such as 
aci>lonitiile, aciylamide, styiene pectin and cellulose 
acetate with inoiaanic ion exchangers The 
intioduction of oiganic species into an inoiganic 
fibrous material enhances its leproducibility in ion 
exchange behavioui and its chemical stability to some 
extent 
Investigations on a new, inteicalated fibious 
material, ;;-butyl acetate Ce(IV) phosphate which 
possesses promising ion exchange characteristics aie 
reported here The effect ot anionic, cationic and non-
lonic surfactants on its adsorption behavioui has also 
been studied 
Experimental 
Ceiic sulphate [Ce(S04)i 4H2O] was obtained tiom 
CDH (India) /i-Butyl acetate (QHpO.) and 
phosphoiic acid (H^PO^) weie obtained tiom E 
Meick (India) and Quahgens (India), lespectively All 
other reagents and chemicals weie ot AnalaR giade 
X-ray diffraction studies were made on a Philips 
analytical X-iay B V dittiactometei type PW 170 
B V IR studies were canted out by Shimadzu 8201 
PC spectiophotometer For simultaneous TGA/DTA 
measurements, Sdt 2960 instiument (powdeied 
sample, mass 15-25 mg, heating late 10°C/min, in 
flowing air), was used SEM studies weie peifoimed 
using JEOL JSM 840, SM 
Solutions ot ceiic sulphate were piepaied in 0 5 M 
H^S04 and those ot /i-butyl acetate in ethanol 6 M 
solution of phosphoric acid was piepaied in 
demmeialised water 
S> nthesis of the ion exchange material 
Samples of /;-butyl acetate Cc(IV) phosphate 
(nBACP) weie piepaied by adding one volume ot 
0 05 M ceiic sulpate solution to two volumes ot a 
(11) mixtuie ot 6 M H:iP04 and /i-butyl acetate 
solution (0-20%) diopwise with constant stiinng 
using a magnetic stiiier at a tempciatuie ot 60±5°C 
The lesulting sluiry, was stilted tot V/2 h at this 
tempeiatuie tilteied and then washed with 
demmeialised watei till pH~4 betoie diymg at loom 
temperatuie to toim a sheet It was cut into small 
pieces and conveited into H -^ toim b> tieating with 1 
Vf HNO1 lor 24 h and was ImalK washed with 
Jemineialised water diied at 45°C and sieved to 
obtain paiticles ot size 50-70 mesh TabL 1 piovides 
details ot the s\ nthesis and ion exchange capacitv 
d e c ) ot the vaiious samples Sample nBACP 6 was 
NOTES 1857 
selected for further studies because of its highest ion 
exchange capacity 
Studies on 1 e c and elution behaviour were done 
by the column process' The optimum concentiation 
of the eluent for a complete elution of H"^  ions, was 
found to be 1 M The minimum volume of 1 M 
NaN03 solutions for complete elution of H"^  ions was 
found to be 190 mL 
Thermal studies 
Several 1 0 g of the samples of /i-butyl acetate 
Ce(IV) phosphate weie heated at various temperatures 
in a muffle furnace tor 1 h each and their i e c was 
determined by the column process after cooling them 
to room temperatuie The results are given in Table 2 
Adsorption studies 
200 mg of the exchanger in H'^ -form were added to 
a mixture containing 18 mL of the acid solution and 2 
mL of the metal ion solution The mixture was kept 
for 24 h, shaking intermittently to achieve 
equilibrium The metal ions in the solution before and 
after equilibiium weie determined by the EDTA 
titrations and the distiibution coefficients (A'j) were 
calculated by 
K = 
d 
I - F 
^ m U ' 
F Ml 
where / and F are the initial and tinal amounts of the 
metal ions in the solution phase, V the volume (mL) 
of the solution, and M the amount (g) of the 
exchanger 
The above experiment was repeated by leplacing 
surfactant solutions 
Results and discussion 
/i-Butyl acetate Ce(lV) phosphate (nBACP-6) is 
found to possess a higher ion exchange capacity (2 25 
meq/g) than the fibrous Ce(IV) phosphate (1 3 meq/g) 
(Table 1), perhaps due to the enhanced interlayer 
distances in the material as a lesult of intercalation of 
a polar /i-butyl acetate molecule into the layers ot 
Ce(IV) phosphate inatiix possessing hydioK>l gioups 
SEM studies contiim the tibious natuie ot the 
material 
nBACP shows an enhanced adsoiption m 
suitactant media hi diiioiiic '^uitactants the 
adsoiption ot alkaline eaiths lemains constant 
thioughout the suitactant concentiations used But toi 
heavv metals it incieases up to CMC, then decieases 
Table 1-
Sample 
/iBACP 1 
;iBACP 2 
;iBACP-3 
(iBACP 4 
;!BACP-5 
/iBACP 6 
/;BACP-7 
/iBACP 8 
/iBACP 9 
/iBACP 10 
iiBACP 11 
/iBACP 12 
/iBACP-13 
—Synthesis ot vaijous samples ot ii buiy) 
% ot n 
Ce(IV) pho^ 
Butyl acetate 
0 
1 
3 
5 
7 
8 
8 5 
9 
10 
12 
14 
15 
20 
.phate 
Na* ion exchangi 
(meq/diy 
1 30 
1 45 
1 74 
1 80 
1 90 
2 25 
2 15 
2 00 
1 60 
1 SO 
1 43 
1 25 
1 00 
acetate 
; capacity 
g) 
Table 2—^Thermal stabilily of «-butyl acetate Ce(IV) phosphate 
Drying Na* 
lempeiatuie capac 
(°C) 
45 
100 
200 
100 
400 
600 
800 
alter heating 
ion exchange 
ity (meq/diy g) 
2 25 
2 10 
175 
1 50 
0 85 
0 31 
0 
tor 1 h 
Change in ', 
coloui 
Yellow 
Light yellov\ 
Light yellow 
Cieamy 
yellow 
Cieaniv 
>ellow 
Oil white 
White 
r Retention 
ot 1 e c 
100 
93 3 
77 S 
66 7 
38 0 
14 0 
0 
[except Hg(Il) and Mn(ll)], while in tationic 
surfactants, the leverse oidei is found tot both 
alkaline eaiths and heavy metals ions It may be due 
to a micellar association which can be explained in 
terms of the electiostatic model, i e , Gouy-Chapman 
electrical double layer appioximations'^ '^  and the 
counter ion binding appioximation' In non-ionic 
suitactants, the adsoiption of metal ions lemains 
constant up to the CMC value, then increases to 
maximum [except Mn(ll), Cd(ll)] Heie, most of 
metal ions are totally adsoibed perhaps due to the 
complex foimation in the polyoxyethylene shall of the 
surfactant 
In the electiostatic model, two leactions occui. one 
entiielv at the inicellar suiface and the othei m the 
bulk phase between the micelles The micellai/soKent 
inteiface consists ot stem laver containing the ionic 
suitactant heads and a ceitain amount ot adsoibed 
countei ions lesulting a loweiine ot the appaient 
chaige dcnsit> of the micelle and ot a ui I fused la\ei 
Theieloie the spatial distubution of the counlei ions 
in the nemhbouihood ot chaieed micelles is 
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influenced by the charge density of the poly ions''*. 
Further, the binding of hydrophihc ions is controlled 
by the electrostatic interactions". Ions having a 
charge opposite to the surfactant head groups (counter 
ions) are attracted to the micelle surface while reverse 
is true for the co-ions. Binding of amphiphilic ions is 
governed by hydrophobic and electrostatic effects; 
additive for counter ions, but opposed for co-ions. 
A gradual decrease of the i.e.c. was observed in the 
material on heating at various temperatures. It retains 
93.3% of its i.e.c. on heating up to 100°C, 77.8% up to 
200°C and 66.7% up to 300°C. However, on heating 
up to 400°C, a sharp decrease in i.e.c. is observed (38% 
retained). At 600°C, it retains only 14% before 
approaching zero at 800°C. However, on comparing 
with other fibrous ion exchangers prepared earlier'*'^ ''', 
nBACP-6 is found to be thermally more stable. 
The TGA/DTA curves show - 5 % weight loss in 
Ce(IV) phosphate at 99.21°C due to the loss of 
external water molecules only. Applying the Alberti's 
equation, number of external water molecules in 
Ce(IV) phosphate comes out to be ~1 indicating a 
tentative formula as: 
CeOj . P2O5. H2O. X nBA 
Since the %age of carbon in the material has been 
found to be 0.5%, the value of x is obtained as 0.3, 
thus pointing to the formula as: 
CeOa. P2O5. H2O. 0.3 nBA 
A two step mass loss (7.5% and 7.1%) up to 150°C 
(Fig. 1) in the TGA/DTA curves also shows the endo 
effects confirming the removal of external water 
molecules as well as a partial removal of ;!-butyl 
acetate. The third step showing a 3.7% of mass loss 
up to 300°C with a small endo effect at 258.4°C 
represents the removal of the remaining part of //-
butyl acetate. At this stage, condensation might have 
also started with the removal of strongly coordmated 
water molecules, showing an endo effect at 321.6°C, 
which continues up to 400°C where the weight 
becomes almost constant. It also involves the 
formation of Ce02 at 450°C'^ Finally, a mass loss of 
about 1.5% between 600 and 800°C, represents a 
kinetic non-stability of the decomposition products. 
The data of thermal analysis (Table 2) points to no 
effect of the removal of external water molecules 
(upon heating up to 150°C) on the percentage 
retention of i.e.c, and, the importance of the 
temperature interval 200-300°C. 
Thermal effects are due to both removal of the part 
of /i-butyl acetate and removal of strongly co-
ordinated water molecules. In this temperature region, 
the statistically relevant decrease of the percentage 
retention of i.e.c. occurs (Table 2). Thus, the data 
suggest that decrease of i.e.c. of materials tested is 
100 
95 
90 
85 
75 
258 36 °C Y 
3Z1 5 5 ' C 
' - 0 05 
," - 0 10 
2 645X 
( 0 5393mg) 1.503X I 
( 0 3065n.gl) 
200 400 
Temperature (°C) 
• " ^ T — 
600 
3 0 
2 0 . 
800 
E 
5 5 
0) 
Q 
- 0 5 
Fig. 1—TGA/DTA curves of ;i-butyl acetate Ce(IV) phosphate. 
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» i^rV 
V (cm 
Fig. 2—IR spectrum of ;;-butyl acetate Ce(IV) phosphate. 
interrelated with the volatilization of both (/j-butyl 
acetate, co-ordinated water molecules) from the 
structure of this type of ion exchanger. Full or nearly 
full retentions are achieved at 400-800°C, due to both 
Ce02 formation and disruption of intercalated fibrous 
structure of studied ion exchanger. These 
effects/interrelations are similar to that discussed for 
cellulose acetate based Th(IV) hybrid fibrous cation 
exchangers''\ 
The IR studies'^ (Fig. 2) confirm the presence of 
metal-oxygen and metal-hydroxide bonds in addition 
to the external water molecules, phosphate groups and 
acetate part in the material. Bands at 536.1 cm"' and 
1063 cm' are due to the phosphate groups. The metal-
oxygen and metal-hydroxide bands are observed at 
669.1 cm"' while bands at 1630.9 cm"' represent the 
external water molecules in addition to its usual range 
at 3430.0 cm"'. The bands'^ beyond 3430 cm' are due 
to the -OH groups. The bands at 1723.4 cm"', 1529 
cm 
O 
Hg(II), indicating its importance in environmental 
studies. 
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SYNTHESIS, CHARACTERIZATION AND ADSORPTION BEHAVIOUR 
OF TX-lOO BASED Sn(IV) PHOSPHATE, A NEW HYBRID ION 
EXCHANGER 
Separation of Ni(II) from Hg(II), Pb(II) and Fe(III) on its column 
K. G. Varshney\ M. Z. A. Rafiquee^ and Amita Somya'* 
'Manav Rachna College of Engineenng, Sector 43, Aravalli Hills, Delhi-Surajkund Road, Fandabad 121004, India 
^Department of Applied Chemistry, Z H.College of Engineenng and Technology, Aligarh Muslim University, Aligarh 202002, India 
A new hybnd ion exchanger, Triton X-100 based tin(IV) phosphate (TX-lOOSnP) has been synthesized and characterized by ion ex-
change and physico-chemical methods such as ion exchange capacity, elution and concentration behaviour, IR, X-ray, TG/DTA and 
elemental analysis. Its adsorption behaviour has also been studied for some alkaline earths and heavy metal ions in different acidic 
media. It has been found generally more selective for metal ions as compared to tin(IV) phosphate prepared earlier For Pb(II), 
Hg(II) and Fe(III) its selectivity has been found to be exceptionally good On this basis, some binary separations have been per-
formed involving these metal ions. Thermal studies show a high thermal stability of the material. It retains 54.54% of its i e.c at 
200°C and 27.27% at 300°C. 
Keywords: characterization. Fe(III). Hg(II), Nidi), Pb(U). Sn(lV). synthesis, TX-lOO 
Introduction 
Hybrid ion exchangers, i.e. tiie materials obtained by 
incorporating organic substances into the inorganic 
ones are of much interest [ 1 ] these days. Introduction 
of organic species into an inorganic material enhances 
its reproducibility in ion exchange behaviour and its 
chemical stability to some extent. Various hybrid ma-
terials [2-11] have been prepared in these laborato-
ries which have shovt'n promising ion exchange char-
acteristics. Surfactants, when present in the matrix of 
an ion exchanger may enhance its ion exchange ca-
pacity and adsorption of metal ions by way of reduc-
ing the interfacial tensions between the material 
(solid) and the aqueous phase (liquid) [12] from 
which exchange/adsorption takes place. Therefore, 
these materials are of great importance in industrial 
and environmental applications. Following pages 
summarize our such a study on Sn(IV) phosphate cat-
ion exchanger, containing a nonionic surfactant, tri-
ton X-100 (TX-lOO) in its matrix. 
Experimental 
Tin chloride (SnCU-SH^O) was obtained from CDH 
(India) while Triton X-lOO and phosphoric acid 
(H3PO4) were obtained from Himedia (India) and 
Qualigens (India) respectively. All other reagents and 
chemicals were of AnalaR grade. 
X-ray diffraction studies were performed on a 
Philips Analytical X-ray B. V. diffractometer type 
PW 170 B.V. and IR studies were carried out on 
Shimadzu 8201 PC spectrophotometer while elemen-
tal studies were performed using a Heraeus Carlo 
Erba 1108 elemental analyzer. For TG/DTA/DTG, 
Perkin Elmer Pyris Diamond model was used. 
Solutions of tin(IV) chloride, TX-lOO and phos-
phoric acid were prepared in demineralized water 
(DMW). 
TX-1 OOSnP was prepared by adding one volume 
of 0.3 M tin chloride in two volumes of a (1:1) mix-
ture of 0.6 M H3PO4 and 0.0001 M TX-lOO solutions, 
dropwise with constant stirring, provided the highest 
ion exchange capacity (2.75 meq g~'). The resulting 
slurry was stayed overnight and then filtered and 
washed with DMW till pH~4. The material was then 
dried at room temperature and the dried gel was 
cracked into small granules by putting in DMW and 
converted into the H*-form by treating with 
1 M HNO3 for 24 h. The material was then washed 
with DMW to remove excess of acid, dried at room 
temperature and sieved to 50-70 mesh sized particles. 
The ion exchange capacity of the sample was de-
termined by the column process taking 1 g of the ma-
terial (H*-form) in a glass tube of internal diameter 
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~1 cm 250 mL of 1 M NaNOs solution was used as 
eluant, maintaining a very slow flow rate 
(~0 5 mL mm ') The effluent was titrated against a 
standard alkali solution to determine the total H*-ions 
released Table 1 summarizes the i e c of the material 
for various metal ions 
The extent of elution was found to depend upon 
the concentration of the eluant Hence, a fixed volume 
(250 mL) of the NaNOj solution of varying concen-
trations was passed through the column containing 
1 g of the exchanger The effluent was titrated against 
a standard alkali solution for the H* ions eluted out 
Table 2 shows the variation of i e c of the material 
with different concentrations of the eluant 
A similar column (as above) containing 1 g 
exchanger was eluted with 1 M NaN03 solution in 
Table 1 Ion exchange capacity of TX-lOOSnP for vanous 
metal ions 
Metal ion 
LiCl 
NaNOj 
KCl 
Ca(N03)2 
SrCl^ 
BaCl. 
MgCN 
solutions 1 e c /meq dry g ' 
2 90 
2 75 
2 50 
3 10 
3 15 
3 25 
2 95 
Table 2 Variation of i e c of TX-lOOSnP with NaNOs eluant 
concentrations 
NaNOj/M 
02 
04 
06 
08 
1 0 
12 
08 
0 7 
1 0 6 
o 
a 05 
o 04 
+ 
I 03 
a-
B 02 
0 1 
ooi 10 30 50 70 
Fig. 1 His 
T> 
toi 
:-i 
»ra 
OOS 
ms 
5nF 
sh ow ing th 
1 e c /meq g ' 
1 0 
1 75 
195 
2 15 
2 75 
2 75 
—1—1—1 
m 1 t—^ 90 n o 130 150 170 
Effluent/mL 
e e lution behaviour of 
Table 3 Thermal stability of TX-lOOSnP after heating to var-
ious temperatures for 1 h 
Drying 
temp rC 
Na*-ion 
exchange capacity/ 
meq dry g ' 
Change 
in colour 
Retention 
of 
1 e c /% 
45 
100 
200 
300 
400 
2 75 
2 00 
1 50 
0 75 
0 05 
Off white 
Off white 
Off white 
Off white 
White 
100 
72 73 
54 54 
27 27 
1 82 
different 10 mL fractions with a minimum flow rate as 
described as above Figure 1 shows the elution behav-
iour of the exchanger 
Several 1 g samples of TX-lOOSnP were heated 
at various temperatures in a muffle furnace for 1 h 
each and their i e c was determined by the column 
process after cooling them to room temperature The 
results are reported in Table 3 
200 mg of the exchanger in H*-form was added 
to a mixture containing 18 mL of the acid solution and 
2 mL of the metal ion solution The mixture was kept 
for 24 h, shaking intermittently to achieve equilib-
rium The metal ions in the solution before and after 
equilibrium were determined by the EDTA titrations 
and the distribution coefficients (Ki) were calculated 
by the formula 
K,= 
I-F V 
F M 
(rtiLg ' ) 
where / and F are the initial and final amounts of the 
metal ions in the solution phase, Fthe volume (mL) of 
the solution, and M the amount (g) of the exchanger 
The results are reported in Table 4 
For binary separations, 200 mg of the exchanger 
in H*-form was used in a glass tube having an internal 
diameter of ~0 6 cm The column was washed 
thoroughly with DMW and the mixture to be separ-
ated was loaded on it After recycling 2 or 3 times to 
ensure complete adsorption of the mixture on the 
column bed, the metal ions were eluted at a flow rate 
- 2 - 3 drops mm"', using eluant selected on the basis 
of Ki values obtained The metal ions in the effluent 
were determined quantitatively by EDTA titrations 
Table 5 gives the salient features of the separations 
Results and discussion 
TX-lOO, when present in the Sn(IV) phosphate ma-
tnx, enhances the ion exchange capacity of Sn(IV) 
phosphate to a great extent It was found to be 
2 75 meq g~' as against 1 5 meq g~' for the SnP pre-
664 J Therm Anal Cal 90 2007 
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Table 4 Ki values of some metal 
Metal 
ions 
Mg(II) 
Ca(Il) 
Sr(II) 
Ba(II) 
Fe(III) 
Mn(II) 
Ni(II) 
Co(II) 
Cu(II) 
Cd(II) 
Hg(II) 
Pb(II) 
DMW -
760 00 
600 00 
528 57 
800 00 
2250 0 
666 67 
514 29 
720 00 
1400 0 
1233 3 
1000 0 
21500 
0 01 M 
760 00 
500 00 
450 00 
800 00 
1466 7 
571 14 
437 50 
583 33 
1025 0 
900 00 
780 00 
1400 0 
lonsonTX-lOOSnPin 
HCl 
0 1 M 
514 29 
425 00 
388 89 
650 00 
1025 0 
360 00 
330 00 
485 71 
650 00 
700 00 
780 00 
1025 0 
1 M 
437 50 
366 67 
340 00 
542 86 
840 00 
283 33 
290 91 
412 50 
542 86 
566 67 
633 33 
800 00 
DMW and different acid media 
001 M 
975 00 
500 00 
528 57 
650 00 
1466 7 
666 67 
616 67 
720 00 
1400 0 
700 00 
1366 7 
1400 0 
HNO, 
0 1 M 
616 67 
425 00 
388 89 
542 86 
1025 0 
475 00 
377 78 
583 33 
1025 0 
47143 
1000 0 
1025 0 
Table 5 Bmary separations of metal ions achieved on TX-1 OOSnP columns 
SN 
1 
2 
3 
Separation achieved 
M, M, 
Ni(II)-Hg(II) 
Ni(IIKPb{II) 
Ni(II)-Fe(lIl) 
1 M 
377 78 
366 67 
297 30 
400 00 
57143 
318 18 
330 00 
485 71 
462 50 
344 44 
633 33 
542 86 
Amount loaded/ftg Amount found/)xg Error/% 
M, Mj M, MT M | M , 
7043 
7043 
7043 
24071 
24864 
6701 
7207 24071 +0 02 
6879 24864 -0 02 
6879 6416 -0 02 
0 
0 
-0 04 
001 M 
975 00 
740 00 
633 33 
800 00 
1025 0 
666 67 
514 29 
720 00 
1025 0 
1233 3 
1366 7 
1025 0 
HCIO4 
0 1 M 
61667 
500 00 
450 00 
542 86 
840 00 
571 14 
437 50 
583 33 
542 86 
900 00 
780 00 
800 00 
Eluant/mL 
1 M 
51429 
425 00 
388 89 
462 50 
683 33 
360 00 
330 00 
412 50 
462 50 
566 67 
528 57 
650 00 
Ni 1MHC1(60) 
Hg 1MNH4C1+1MHC1(50) 
Ni 1MHC1(50) 
Pb(II) 0 IM HClO4(50) 
Ni 1MHC1(50) 
Fe 1MHC104(60) 
pared earlier In fact, the l e c of TX-lOOSnP is 
higher than almost all the materials of this class pre-
pared so far (Table 6) 
The elution behaviour indicates that the ex-
change is fast and ahnost all the H^ ions are eluted out 
in the first 180 mL of the effluent from a column of 
1 g exchanger (Fig 1) Similarly, the optimum con-
centration of the eluant was found to be 1 M (Table 2) 
for a complete removal of H* ions from the above col-
umn In this respect, the matenal is similar to the 
others of this class 
The two-step mass losses (6 58 and 5 22%) up to 
150°C (Fig 4) in the TG/DTA curves show the endo 
effect at 102°C confirming the removal of external 
water molecules Further, the curves show 2 26 and 
1 12% losses up to 367°C which may be due to the re-
moval of tnton X-100 from the matrix of the 
exchanger At this stage, condensation might have 
also started with the removal of strongly co-ordinated 
water molecules, showing an endo effect at 317°C, 
which continued up to 789°C A 4 53% mass loss up 
to 500°C may be due to the removal of remaining part 
of surfactant Finally, mass losses 1 66 and 1 53% up 
Table 6 A companson ini e c of TX-lOOSnP with various 
hybnd matenals 
S N Name of the matenals 1 e c / 
meqg ' 
1 Triton X-100 Sn(IV) phosphate 2 75 
2 «-butyI acetate Ce(IV) phosphate [4] 2 25 
3 Pectin Ce(IV) phosphate [5] 1 78 
4 Pectin Th(IV) phosphate [5] 2 15 
5 Acryl amide Ce(IV) phosphate [6] 2 60 
6 Acryl amide Th(IV) phosphate [7] 2 00 
7 Acryl amide Zr(IV) phosphate [8] 2 26 
8 Acryl amide Sn(IV) phosphate [9] 2 10 
9 PyndineSn(IV) phosphate [10] 2 10 
10 Pyridine Zr(IV) phosphate [10] 2 00 
11 Cellulose acetate Th(IV) phosphate [11] 1 70 
to 789°C represent a kinetic non-stability of the de-
composition product The most important feature of 
TX-lOOSnP IS Its thermal stability zone between 150 
and 305°C 
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The data of thermal analysis (Table 3) points the 
decrement in i. e. c. by 11.11% up to 100°C due to the 
removal of external water molecules. Further decre-
ments in i. e. c. up to 400°C are due to both removal of 
triton X-100 and removal of strongly co-ordinated 
water molecules. Thus, the data suggests that de-
crease of i. e. c. of the material tested, is interrelated 
with the volatilization of both triton X-100 and 
co-ordinated water molecules from the matrix of ion 
exchanger. 
However, TX-lOOSnP is found to be more stable 
than the others. A comparison with acrylonitrile 
cerium(IV) phosphate (ANCeP) [13] and acryl amide 
cerium(IV) phosphate (AACeP) [6] shows that 
TX-lOOSnP retains 54.54% of its i.e.c. on heating up to 
200°C (Table 3) while ANCeP and AACeP retain only 
13.98 and 40.15% respectively, at this temperamre. 
The IR spectrum of the material (Fig. 2) indi-
cates the presence of phosphate groups [14] by the 
peaks at 514.6 and 1043.7 cm"', and metal-oxygen 
and metal-hydroxide bonding by the peak at 
645.0 cm '. The peak at 1640.3 cm"' represents the 
external water molecule [15] in addition to its usual 
range at 3421.4 cm"'. The bands beyond 3421.4 cm"' 
are due to -OH groups. The bands at 1134.1 and 
3127.9 cm"' are due to the presence of alky 1 ether and 
benzene (aromatic C-H str.) part in the material. 
400 
300-
U 
200 
100 
r 1 
r i — -a 
-a -o 
0 
10 20 30 40 50 60 70 80 90 
29/degree 
Fig. 3 X-ray diffracnon pattern of TX-lOOSnP 
C-H (Str.) in CH3 and/or CH2 and C-H (def) in CH3 
and/or CHi are represented [16] by the peaks at 
2994.7, 2889.2 and 1474.1 cm"' respectively while 
the peaks at 3348.2 and 3299.4 cm"'show the O-H 
(str.) of intermolecular H-bonded part of the material. 
Elemental study shows 0.108% carbon and 1.657% 
hydrogen in the exchanger. 
The X-ray diffraction pattern (Fig. 3) shows the 
amorphous nature of the material. 
The adsorption studies reveal the enhanced ad-
sorption of metals on TX-lOOSnP as compared to that 
99 50-
-0 49 
4000 3500 3000 2500 2000 1500 1000 500 
Wavenumber/cm 
Fig. 2 IR spectrum of TX-lOOSnP 
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Fig. 4 TG/DTG-DTA curves of TX-lOOSnP 
Table 7 K^ values of some alkaline earths and heavy metal ions on SnP in DMW and different acid media 
Metal HCl HNO3 HCIO4 
ions 
Mg(II) 
Ca(II) 
Sr(II) 
Ba(II) 
Fe(III) 
Mn(II) 
Ni(II) 
Co(II) 
Cu(II) 
UMW 
162.5 
192.9 
330.0 
900.0 
160.0 
104.4 
4140 
330.0 
666.7 
0.01 M 
162.5 
215.4 
377.8 
700.0 
143.7 
88.00 
36.70 
377.8 
557.1 
0.1 M 
147.1 
173.3 
258.3 
700.0 
129.4 
80.80 
32.30 
258.3 
360.0 
1 M 
133.3 
156.2 
230.8 
471.4 
105.3 
56.70 
28.10 
186.7 
206.7 
001 M 
320.0 
192.9 
616.7 
566.7 
160.0 
95.80 
36 70 
514.3 
411.1 
0.1 M 
281 8 
173.3 
616.7 
400.0 
143.7 
88.00 
24.20 
330.0 
360 0 
IM 
200.0 
127.8 
377.8 
207.7 
105.3 
74 10 
17.10 
230.8 
253.8 
0.01 M 
366.7 
272.7 
330.0 
471.4 
225.0 
422.2 
95.20 
437.5 
557.1 
0.1 M 
320.0 
215.4 
290.9 
344.4 
178.6 
327.3 
78.30 
377.8 
360.0 
1 M 
200.0 
141.2 
168.7 
207.7 
105.3 
235.7 
64.00 
186.7 
253.8 
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SYNTHESIS, CHARACTERIZATION AND ADSORPTION BEHAVIOUR OF TX-lOO 
on SnP (Table 7) For TX-lOO (nonionic surfactant) 
[17], metal ions can enter into the polyoxyethylene 
shell of the surfactant by complex-formation As a re-
sult, the adsorption of metal ions is enhanced On the 
basis of these studies, the material is found to be se-
lective for Hg(II), Pb(II) and Fe(III) The potential of 
this material in environmental pollution control, has 
been demonstrated by achieving some binary separa-
tions, involving the above metals, for example 
Ni(II)-Hg(II), Ni(II)-Pb(II) and Ni(II>-Fe(III), as 
summarized in Table 5 Hg(II) was eluted out using a 
mixture of NH4CI and HCl because it was highly ad-
sorbed and simply 1 M HCl could not elute it out 
NH4 ions, being a bigger ion can easily elute the 
Hg(II) ions from the exchanger bed 
Conclusions 
The addition of surfactant, TX-lOO in the matrix of 
Sn(IV) phosphate enhances the 1 e c and adsorption 
of metal ions Further, TX-lOOSnP is thermally stable 
and highly selective for Hg(II), Pb(II) and Fe(III), ex-
plonng Its importance in the separation of these metal 
ions from industrial effluents 
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Abstract 
Cerium(IV) phosphate (CePf) has been synthesized as a fibrous ion exchange material. Its adsorption studies have been carried out for some 
alkaline earth and heavy metal ions in different acidic media. Effect of anionic (SD.Si SDBS), cationic (CTAB, DPC) and nonionic (TX-lOO) 
surfactants has also been studied on the adsorption behaviour of CePf for the above metals,.Micelles of anionic surfactants decrease the adsorption 
of heavy metals [except Hg(Il)] on CePf while adsorption of alkaline earths remains constant. The micelles of cationic and nonionic surfactants, 
on the other hand, increase the adsorption of alkaline earths and heavy metals. Thesfe adsorption studies have been found helpful in the removal of 
the ionic pollutants from aqueous media effectively. 
© 2006 Elsevier B.V. All rights reserved. 
Keywords: Fibrous ion exchanger. Surfactants; Micelles; Adsorption; Pollution control 
1. Introduction 
Inorganic ion exchangers are of great interest in the selective 
adsorption and removal of metal ions from aqueous media 
[1]. Out of a large number of such materials studied so far, 
cerium(IV) phosphate has shown promising ion exchange 
behaviour for some alkaline earth and heavy metal ions [2-4]. 
Surfactants, which are surface-active agents, can play a lead role 
in modifying the adsorption behaviour of ion exchangers [5]. 
In aqueous solutions, at concentrations above CMC values, 
the anionic or cationic surfactants spontaneously form micelles 
which are approximately spherical and dynamic aggregates 
with a highly anisotropic interface composed of head groups, 
counter ions, solubilizates and ?^ater between their hydrocarbon 
cores and the surrounding bujk aqOeous phase [6]. It is supposed 
that the adsorption of metal ionsbn the exchanger in presence 
of surfactants is affected by tfi* charge density of the interface. 
Following pages summarize a systematic study of the 
effect of anionic, cationic and nonionic surfactants on the ion 
exchange/adsorption behaviour of CePf exchanger, resulting 
• Corresponding author. Tel.: +91 9411040047. 
E-mail addresses: roma.gopal®rediffmail.com, drrafiquee@gmail.com 
(M.Z.A. Rafiquee). 
into some useful conclusions. The surfactants have been found 
to enhance the adsorption behaviour of ion exchange materials 
by modifying their surface characteristics. 
2. Experimental 
Ceric sulphate [Ce(S04)2-4H20] and N-cety\-N,N,N-
trimethyl ammonium bromide (CjglLiaNBr) were obtained 
from CDH (India) while triton X-100 (C34H62O11) and dodecyl 
benzene sulphonic acidsodium salt (Ci8H29S03Na) were Hime-
dia (India) product. Sodium dodecyl sulphate (Ci2H25S04Na) 
and A^-dodecyl pyridinium chloride (C17H30CIN) were obtained 
from BDH (India) and Merck-Schuchardt (Germany), respec-
tively. Ceric sulphate solution was prepared in 0.5 M H2SO4 
and the solutions of surfactants and phosphoric acid were 
prepared in demineralised water (DMW). 
CePf was prepared by adding one volume of 0.05 M ceric 
sulphate solution to one volume of 6 M H3PO4 drop-wise with 
constant stirring using a magnetic stirrer at a temperature of 
6 0 ± 5 ° C . The resulting slurry was stirred for 3.5 h at this 
temperature, filtered and then washed with demineralised water 
till pH ~ 4 before drying at room temperature to form a fibrous 
sheet. It was, then cut into small pieces and converted into 
H* form by treating with 1M HNO3 for 24 h and was, finally 
washed with demineralised water, dried at 45 °C and sieved to 
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Fig. 2. Plots of ATd vs. [SDBS] for some alkaline earths and heavy metal ions on 
CeP,. 
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Fig. 3. Plots of Ki vs. [CTAB] for some alkaline earths and heavy melal ions 
on CeP,. 
to the CMC value, and then decreases. In cationic surfactants 
(CTAB. DPC), the reverse order is found for both alkaline earths 
and heavy metal ions (Figs. 3 and 4). In nonionic surfactant (TX-
1(X)), the adsorption of metal ions remains almost constant up to 
the CMC value, and then increases to a maximum value (Fig. 5). 
Here, ions of Ca(n), STQI) Ba(n), Hg(n) and Pb(II) are totally 
adsorbed. 
The distribution of counter ions around ionic micelles and 
association colloids are explained by two models. Classical 
electrostatic theory treats the interface as a charged surface neu-
tralized by counter ions in the diffused electrical double layer 
extending radially from the aggregate's surface [7,8]. In the alter-
native pseudophase ion exchange (PIE) model, the total volume 
of the aggregates in solution is treated as a separate "pseu-
dophase" and counter ions are assumed to be either "bound" to 
the aggregate or "free" in the surrounding water [9.10]. In the PIE 
model [10], the interfacial counter ion concentration is assumed 
to be constant and the counter ion selectivity is expressed as 
an ion exchange constant [11]. It has been extended to cover 
the reactions of ions and charged micelles [12,13]. Thus, the 
adsorption mechanism of the metal ions on the ion exchange 
material in presence of surfactants can be explained on the basis 
of micellar association in terms of the electrostatic model, i.e., 
Gouy-Chapman electrical double layer approximations [14-16] 
and the counter ion binding approximation [17]. In the electro-
static model, two reactions occur, one entirely at the micellar 
surface and the other in the bulk phase between the micelles. 
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Fig. 5. Plots of ATd vs. [TX-lOO] for some alkaline earths and heavy metal ions 
onCeP,. 
The micellar/solvent interface consists of Stem layer conteun-
ing the ionic surfactant heads and a certain amount of adsorbed 
counter ions resulting a lowering of the apparent charge density 
of the micelle and of a diffused layer. Therefore, the spatial dis-
tribution of the counter ions in the neighbourhood of charged 
micelles is influenced by the charge density of the polyions 
[18]. Further, the binding of hydrophilic ions is controlled by 
the electrostatic i nteractions [19]. Ions having a charge opposite 
to the surfactant head groups are attracted to the micelle surface 
while reverse is true for the co-ions. Binding of amphiphilic 
ions is governed by the hydrophobic and electrostatic effects, 
additive for counter ions but opposed for co-ions. The order of 
adsorption of heavy metals on CePf in presence of anionic and 
cationic surfactants (Figs. 1-4) may be due to the change in 
the charge density of surfactant inonomers/micelles. The con-
stant adsorption of alkaline eaftjis on CePf can be explained 
by assuming that the micelles surface binds the counter ions 
selectively [20]. 
For the nonionic surfactants [21], the metal ion binding 
can occur in the polyoxyethylene shell of the surfactant. The 
total/maximum adsorption of metal ions on CePf in presence 
of a nonionic surfactant (Fig. 5) may be, perhaps, due to their 
complex formation. 
4. Conclusions 
The use of surfactants has been found to be beneficial in 
enhancing the adsorption behaviour of inorganic ion exchangers 
for alkahne earth and heavy metal ions. The study presents an 
effective method for the removal of harmful ionic impurities 
from aqueous media. 
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Abstract 
Adsorption studies have been carried out on a newly synthesized tin(IV) phosphate (SnP), a non-fibrous ion exchanger, for alkaline earths and 
heavy metal ions in different acidic media Effect of anionic (SDS, SDBS), cationic (CTAB, DPC) and noiuonic (TX-lOO) surfactants has also 
been studied on its adsorption behaviour It has been observed that the nucelles of anionic and cationic surfactants increase the adsorption of 
heavy metals [except Hg(II) in SDS] while adsorption of alkaline earths [except Sr(n) in CTAB] remains unaffected The micelles of nonionic 
surfactants also increase the adsorption of alkaline earths and heavy metals These studies indicate the potential of the material for the removal of 
ionic pollutant species from aqueous media effectively 
© 2006 Elsevier B V All nghts reserved 
Kewiords Non-fibrous ion exchanger Surfactants Micelles Adsorption Pollution control 
1. Introduction 
Inorganic ion exchangers are known for a selective adsorption 
and removal of metal ions from aqueous systems [1] Tln(IV) 
phosphate (SnP) prepared earlier, has shown promising ion 
exchange behabiour for some alkaline earths and heavy metal 
ions [2,3] Surfactants, the surface-active agents, can play a lead 
role in modifying the adsorption behaviour of ion exchangers 
[4] In aqueous solutions, at concentrations above the CMC val-
ues, the anionic or cationic surfactants form micelles which 
are approximately spherical and dynamic aggregates with a 
highly anisotropic interface composed of head groups, counter 
ions, solubihzates, and water between their hydrocarbon cores 
and the surrounding bulk aqueous phase [5] The adsorption of 
metal ions on the exchanger surface in presence of surfactants 
is affected by the charge density of the interface 
A systematic study on the effect of anionic, cationic and non-
ionic surfactants on the ion exchange/adsorption behaviour of 
SnP exchanger has revealed some useful conclusions The sur-
' Corresponding author 
E mail addresses roma-gopdl@rediffmail com (K G Varshney) 
drrdfiquee@yahoocom(MZA Rafiquee) amita^omya@rediffmailconi 
(A Somya) 
factants have been found to enhance the adsorption behaviour of 
ion exchange material by modifying its surface charactenstics 
2. Experimental 
Tin(IV)chlonde(SnCl4 5H20)andA?-cetyl A'./V/V-tnmeth> I 
ammonium bromide (Ci9H42NBr) were obtained from 
CDHandia) while tnton X-100 (C34H62O11) and dodecyl ben-
zene sulphonic acid sodium salt (Ci8H29S03Na) were Himedia 
(India) products Sodium dodecyl sulphate (Ci2H25S04Na) and 
A^-dodecyl pyndinium chlonde (C17H30CIN) were obtained 
from BDH (India) and Merck-Schuchardt (Germany), respec-
tively Solutions of tin chlonde, surfactants and phosphonc acid 
were prepared in demmerlized water (DMW) 
Tin phosphate was prepared by adding 0 3 M tin(IV) chlonde 
to 0 6M H3PO4 drop-wise with constant stimng at room tem-
perature The resulting slurry was stayed overnight filtered and 
then washed with demineralised water till pH ~ 4 The mate-
nal, after drying at 45 °C, was cracked into small granules by 
putting in DMW and converted into H"^-form by treating with 
I M HNO3 for 24 h It was finally washed with DMW, dried 
at 45 °C and sieved to obtain particles of size 50-70 mesh Ion 
exchange capacity of the matenal was determined by the column 
process as usual [4] and it was found to be 1 5 meq/dry g 
0927 7757/$ - see front matter © 2006 Elsevier B V All nghts reserved 
doi 10 1016/j colsurfa 2006 12 061 
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Table 1 
Ki values of some alkaline earths & heavy metal ions on SnP m DMW and different acid media 
Metal ions 
Mg(II) 
Ca(H) 
Sr(II) 
Ba(II) 
Fedll) 
Mn(Il) 
Ni(II) 
Co(II) 
Cu(Il) 
Cd(II) 
Hg(II) 
Pb(Il) 
D M W 
162 5 
192 9 
3300 
900 0 
160 0 
1044 
4140 
3300 
6667 
311 1 
500 0 
164 7 
HCl 
OOIM 
162 5 
215 4 
377 8 
700 0 
143 7 
88 00 
36 70 
377 8 
557 1 
270 0 
500 0 
164 7 
DIM 
147 1 
173 3 
258 3 
700 0 
129 4 
80 80 
32 30 
258 3 
360 0 
184 6 
320 0 
150 0 
IM 
133 3 
1562 
230 8 
4714 
105 3 
56 70 
28 10 
186 7 
206 7 
146 7 
223 1 
1143 
HNOj 
OOIM 
320 0 
192 9 
616 7 
566 7 
160 0 
95 80 
36 70 
514 3 
411 1 
1643 
500 0 
462 5 
OlM 
281 8 
173 3 
616 7 
400 0 
143 7 
88 00 
24 20 
330 0 
360 0 
146 7 
425 0 
400 0 
IM 
200 0 
127 8 
377 8 
207 7 
105 3 
74 10 
17 10 
230 8 
253 8 
105 6 
281 8 
246 2 
HCIO4 
OOIM 
366 7 
272 7 
330 0 
4714 
225 0 
422 2 
95 20 
437 5 
557 1 
184 6 
740 0 
650 0 
OlM 
320 0 
215 4 
290 9 
344 4 
178 6 
327 3 
78 30 
377 8 
360 0 
160 0 
500 0 
542 9 
IM 
200 0 
1412 
168 7 
207 7 
105 3 
235 7 
64 00 
186 7 
253 8 
131 2 
425 0 
309 1 
For adsorption studies, 200 mg of the exchanger in H"^  form 
were added to a mixture containing 18mL of the acid solu-
tion and 2 mL of the metal ion solution. The contents were kept 
for 24 h, at room temperature, shaking intermittently, to achieve 
equilibrium. The metal ions in the solution before and after equi-
hbnum were determined by EDTA titrations and the distnbution 
coefficients (Ka) were calculated by the formula 
1 - F V , 
I 
i 
•o I 
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Fig I A'd values vs SDS concentrations plots for some alkaline earths and 
heavy metal ions on SnP 
Fig 2 A'd values vs SDBS concentrations plots for some alkalme earihs and 
heavy metal ions on SnP 
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where / and F are the initial and final amounts of the metal 
ions in the solution phase, V the volume (mL) of the solution, 
and M the amount (g) of the exchanger. The above experiment 
was repeated by replacing surfactant solutions instead of the 
acid solutions in the same amount (18 mL). The distribution 
coefficients (K^) obtained for the alkaline earths and heavy metal 
ions in different acidic media are summarized in Table 1 and the 
adsorption behaviour of these metal ions in different surfactant 
media are shown in Figs. 1-5. 
3. Results and discussion 
Surfactants have been found to enhance the adsorption 
behaviour of SnP for metal ions. In presence of anionic sur-
factants (Figs. 1 and 2), the adsorption of heavy metal ions on 
SnP decreases up to the CMC value and then increases. Hg(II) in 
SDS solution is an exception. The adsorption of alkaline earths, 
however, remains constant throughout the surfactant concentra-
tions. In cationic surfactants (Figs. 3 and 4), the adsorption of 
alkaline earths and heavy metal ions increases up to the CMC 
value, and beyond the CMC values it remains constant [except 
1200 
1000 
800-
600 
400 
200 
a 
^ ^ 
- Cat If) 
-Sni l l 
-Ba<ll; 
0.001 0.005 0.01 0 05 
Cone, of DPC 
01 
0.005 0.01 0.05 0.1 
Cone, of DPC 
0.0005 0.001 0.005 
Cone, of CTAB 
0.0005 0.001 0.005 
Cone, of CTAB 
0 0005 0.001 0.005 0.01 
Cone, of CTAB 
Fig. 3. Kd values vs. CTAB concentrations plots for some alkaline earths and 
heavy metal ions on SnP. 
0 001 0 005 0 01 0 05 
Cone, of DPC 
01 
Fig. 4. Ki values vs. DPC concentrations plots for some alkaline earths and 
heavy metal ions on SnP. 
Hg(II) in DPC solution]. In the nonionic surfactant, the overall 
trend has been an increase in the adsorption of metal ions with an 
increase in the concentration of surfactant. Here, Fe(III), Co(n), 
Cu(n), Cd(n), Hg(n) and Pb(n) metal ions are totally adsorbed 
on the surface of SnP exchanger (Fig. 5). 
The distribution of counter ions around ionic micelles and 
association colloids are explained by two models. Classical 
electrostatic theory treats the interface as a charged surface neu-
tralized by counter ions in the diffused electrical double layer 
extending radially from the aggregate's surface [6,7]. In the alter-
native pseudophase ion exchange (PIE) model, the total volume 
of the aggregates in solution is treated as a separate "pseu-
dophase" and counter ions are assumed to be either "bound" to 
the aggregate or "free" in the surrounding water [8,9]. In appli-
cations of the PIE model to micellar effects on reactivity f 9], the 
interfacial counter ion concentration is assumed to be constant. 
In the PIE model, counter ion selectivity is expressed as an ion 
exchange constant [101- The PIE model has been extended to 
cover the reactions of ions and charged micelles [ 11 J. Thus, the 
adsorption mechanism of the metal ions on the ion exchange 
materials in presence of surfactants can be explained on the 
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Fig. 5. Ki values vs TX-100 concentrations plots for some alkaline earths and 
heavy metal ions on SnP. 
basis of micellar association which can be explained in terms 
of the electrostatic model, i.e., Gouy-Chapman electrical dou-
ble layer approximations [12,13] and the counter ion binding 
approximation [14]. In the electrostatic model, two reactions 
occur; one entirely at the micellar surface and the other in the 
bulk phase between the micelles. The micellar/solvent interface 
consists of Stem layer containing the ionic surfactant heads and 
a certain amount of adsorbed counter ions resulting a lowering 
of the apparent charge density of the micelle and of a diffused 
layer. Therefore, the spatial distribution of the counter ions in the 
neighbourhood of charged micelles is influenced by the charge 
density of the polyions [15]. Further, the binding of hydrophilic 
ions is controlled by the electrostatic interactions [16]. Ions hav-
ing a charge opposite to the surfactant head groups are attracted 
to the micelle surface while reverse is true for the co-ions. 
Binding of amphiphilic ions is governed by hydrophobic and 
electrostatic effects; additive for counter ions, but opposed for 
co-ions. The constant adsorption behaviour of metals on SnP 
can be explained by PIE model which assumes that the micelles 
surface binds counter ions selectively. Additionally, for nonionic 
surfactant [17], metal ions can occur in the polyoxyethylene shell 
of the surfactant. The total/maximum adsorption of metal ions 
may be, perhaps, due to the complex formation with nonionic 
surfactant. 
Micelles are not rigid but highly mobile in spite of their aggre-
gated structure. They exist in a dynamic equilibrium with the 
free monomers [18]. The life time of a monomer in the micelle 
is about 10~^ s [19]. The intramolecular motions of monomers 
within the micelle can be assumed to be rather unrestricted with 
an enhanced mobility of the terminal alkyl group predominantly 
oriented with in the micellar core and of the ionic head groups 
situated at the surface of the micelle [20]. Correlation limits 
of these motions are considerably shorter than residence times 
of individual monomers in the micelles. Thus, for a process, 
where a characteristic time range is slower than that of the ionic 
head group mobility, the micelles appear to be a sphere, uni-
form smeared-out surface charge. As a result, a constant surface 
potential can be assigned to the micellar surface. These condi-
tions are observed in the adsorption of heavy metals in presence 
of anionic and cationic surfactants in which adsorption of these 
metals increases/decreases up to the CMC values and, beyond 
the CMC values, it becomes constant [except in SDS solutions]. 
Thus, the overall adsorption behaviour of metal ions on SnP 
may be explained by micellar association and PIE model, given 
above. 
4. Conclusions 
The use of surfactants has been found beneficial in enhanc-
ing the adsorption behaviour of inorganic ion exchangers for 
alkaline earths and heavy metal ions. The micelles, bearing 
the charged surface, concentrate the metal ions in the vicm-
ity of their Stem's layer through binding or adsorption as 
counter ions or as co-ions. The study presents to an effective 
method for the removal of harmful ionic impurities from aqueous 
media. 
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Abstract 
Triton X-100 based cerium(IV) phosphate (TX-1 OOCeP) has been synthesized as a new phase of tibrous ion exchanger. It has been characterized 
using IR, X-ray, SEM, TGA/DTA and elemental analysis in addition to its ion exchange studies such as ion exchange capacity, elution, concentration 
and thermal behaviour. Its adsorption behaviour has also been studied for some alkaline earths and heavy metal ions in different acidic media. On 
this basis, the material has been found to be selective for Hg0I), a toxic heavy metal ion. Hence, some binary separations of Hg(II) from other 
metal ions have been performed on its column, exploring its potential in environmental studies. 
© 2007 Elsevier B.V. All rights reserved. 
Keywords: Fibrous ion exchanger; Cerium(IV) phosphate; Triton X-100; Hg-selective; Environmental studies 
1. Introduction 
Fibrous ion exchange materials open a land of opportunities 
in industrial and environmental applications [1] as they exhibit 
a high efficiency in the process of sorption from gaseous and 
liquid media [2-4]. The most advantageous property of these 
materials is that they can be obtained in various convenient 
forms like staples, conveyer belts, nets, etc. Various hybrid 
fibrous ion exchangers [5-1IJ have been synthesized in these 
laboratories by combining organic monomers (e.g., acrylamide, 
/2-butyl acetate, etc.) and/or polymers (e.g., polystyrene, poly-
acrylonitrile, etc.). They have shown promising ion exchange 
characteristics. The introduction of organic species into an inor-
ganic material enhances its reproducibility in ion exchange 
behaviour and its chemical stability to some extent. Surfac-
tant or surface-active agents, when present in aqueous system, 
enhance the adsorption of metal ions on the ion exchangers 
[10,12—13] by reducing the interfacial tensions between the 
material (solid) and aqueous phase (liquid). Efforts have, there-
" Corresponding author Tel.: +91 9411040047. 
E-mail addresses: roma.gopal@rediffmail.com (K.G. Varshney), 
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fore, been made in the laboratory to synthesize some surfactant 
based fibrous ion exchange materials. The detailed study on a 
new, fibrous, Hg(ll) selective Triton X-100 based cerium(lV) 
phosphate, cation exchanger has been carried out and, is pre-
sented in this paper. Cerium(rV) phosphate has been synthesized 
earlier [ 14] as a fibrous inorganic ion exchanger which has shown 
promising ion exchange behaviour and it has been found [12] 
that the adsorption of metals on cerium(TV) phosphate is greatly 
enhanced by the presence of Triton X-100. 
2. Experimental 
2. /. Chemicals and instruments used 
Ceric sulphate [Ce(S04)2-4H20] was obtained from CDH 
(India) while Triton X-100 (C34H620n) and phosphoric acid 
(H3PO4) were obtained from Himedia (India) and Qualigens 
(India), respectively. All other reagents and chemicals were 
of Anal R grade. X-ray diffraction studies were performed 
on a Philips Analytical X-ray B.V. diffractometer type PW 
170 B.V. arid IR studies were carried out on Shimadzu 8201 
PC spectrophotometer. For TGA/DTA/DTG, PerkinElmer Pyris 
Diamond model was used and LEO 435 VP scanning electron 
microscope was used for SEM study. Elemental analysis (C, H, 
K.G. Varshney et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 317(2008) 400-405 401 
Table 1 
Synthesis of various samples of TX-lOOCeP 
Table 3 
Variation of ion exchange capacity of TX-lOOCeP with eluanl concentrations 
Sample no. Concentration of TX-100 Na*-ion exchange capacity (meq/g) Concentration of NaNOj (M) Ion exchange capacity (meq/g) 
Sample-1 0 
Sample-2 0.00001 M 
Sample-3 0.0001 M 
Sample-4 0.001 M 
1.30 
2.50 
3.00 
2.75 
N) was performed by Heraeus Carlo Erba-1108 analyzer while 
cerium and phosphorus determination was carried out by induc-
tively coupled plasma atom emission spectrometer model no. 
8440. 
2.2. Preparation of the reagent solutions and synthesis of 
the ion exchange material 
Solutions of eerie sulphate were prepared in 0.5 M H2SO4 
and those of Triton X-IOO and 6M solution of phosphoric acid 
was prepared in demineralized water. Samples of TX-lOOCeP 
were prepared by adding one volume of 0.05 M eerie sulphate 
solution to two volumes of a (1:1) mixture of 6M H3PO4 and 
TX-lOO solutions drop-wise with constant stirring using a mag-
netic stirrer at a temperature of 60 ± 5 °C. The resulting slurry, 
was stirred for 3.5 h at this temperature, filtered and then washed 
with demineralized water till pH ~4 before drying at room 
temperature to form a sheet. It was cut into small pieces and 
converted into H*-form by treating with 1M HNO3 for 24 h and 
was finally, washed with demineralized water, dried at 45 °C and 
sieved to obtain particles of size 50-70 mesh. Table 1 provides 
details of the synthesis and ion exchange capacity of the sam-
ples. Sample-3 was selected for further studies because of its 
highest ion exchange capacity. 
2.3. Determination of ion exchange capacity (i.e.c) 
The ion exchange capacity of the sample was determined as 
usual by the column process taking 1 g of the material (H"^ -form) 
in a glass tube of internal diameter ~ I cm, fitted with glass wool 
at its bottom. 250 mL of 1 M NaNOs solution was used as eluant, 
maintaining a very slow flow rate (~0.5 mL min~'). The effluent 
was titrated against a standard alkali solution to determine the 
total H* ions released. Table 2 summarizes the ion exchange 
capacity of the material for various metal ions. 
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Fig. 1. Histograms showing the elution behaviour of TX-lOOCeP. 
2.4. Concentration and elution behaviour 
The extent of elution was found to depend upon the concen-
tration of the eluant. Hence, a fixed volume (250 mL) of the 
NaN03 solution of varying concentrations was passed through 
the column containing 1 g of the exchanger. The effluent was 
titrated against a standard alkali solution for the H*-ions elated 
out. Table 3 shows the variation of ion exchange capacity of 
the material with different concentrations of the eluant. A simi-
lar column (as above) containing 1 g exchanger was eluted with 
1M NaNOs solution in different 10 mL fractions with a mini-
mum flow rate as described as above. Fig. 1 shows the elution 
behaviour of the exchanger. 
2.5. Thermal stability 
Several 1 g samples of TX-lOOCeP were heated at various 
temperatures in a muffle furnace for 1 h each and their ion 
exchange capacity was determined by the column process after 
cooling them to room temperature. The results are reported in 
Table 4. 
Table 2 
Ion Exchange capacity of TX-lOOCeP for various metal ions 
Metal ion solutions Ion exchange capacity (meq/dry g) 
LiCl 
NaNO? 
KCl 
MgCl2 
Ca(N03)2 
SrCl2 
BaCl2 
2.75 
300 
3.15 
2.55 
3.20 
3.35 
3.45 
Table 4 
Thermal stability of TX-lOOCeP after heating to various temperatures for 1 h 
Drying temperature 
(°C) 
45 
100 
200 
300 
400 
Na*-ion exchange 
capacity 
(meq/dry g) 
3.00 
2.70 
1.65 
1.25 
0.35 
Change in 
colour 
Yellow 
Bright yellow 
Light yellow 
Light yellow 
Cream yellow 
^Retention ol ion 
exchange capacity 
100 
90 
55 
41 7 
11.7 
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Table 5 
ATj values of some alkaline earths and heavy metal ions on TX-lOOCeP in DMW and different acid media 
Metal ions 
MgOI) 
Ca(n) 
Sr(II) 
Ba(II) 
Fe(ni) 
Mn(II) 
Ni(Il) 
Co(II) 
Cu(II) 
Cd(II) 
Hg(II) 
Pbtll) 
DMW 
683.33 
800.00 
650.00 
616.67 
633.33 
820.00 
557.14 
760.00 
840.00 
666.67 
2250.0 
650.00 
HCl 
0.01 M 
571.43 
650.00 
650.00 
514.29 
633.33 
666.67 
557.14 
616.67 
683.33 
475.00 
1466.7 
400.00 
0.1 M 
487.50 
542.86 
462.50 
437.50 
450 00 
475.00 
475.00 
514.29 
571.43 
411.11 
1075.0 
350.00 
IM 
422.22 
462.50 
400.00 
377.78 
388.89 
411.11 
411.11 
437.50 
487.50 
318.18 
840.00 
309.09 
HNO3 
0.01 M 
683.33 
650.00 
542.86 
616 67 
528.57 
666.67 
475.00 
760.00 
840.00 
557.14 
2250.0 
542.86 
0.1 M 
422.22 
400.00 
462.50 
437.50 
450.00 
557.14 
360.00 
616.67 
683.33 
475.00 
1466.7 
462.50 
IM 
370.00 
350.00 
400.00 
330.00 
388.89 
475.00 
318.18 
437.50 
487.50 
360.00 
1075.0 
400.00 
HCIO4 
0.01 M 
487.50 
542.86 
650.00 
437.50 
528.57 
557.14 
475.00 
616.67 
571.43 
475.00 
2250.0 
462.50 
0.1 M 
370.00 
462.50 
542.86 
330 00 
450.00 
475.00 
411 11 
514.29 
487 50 
360.00 
1075.0 
350.00 
IM 
,327.27 
400 00 
462.50 
290.91 
340.00 
360 00 
283.33 
437.50 
422.22 
318.18 
840.00 
309.09 
Table 6 
Binary separations of metal ions achieved on TX-1 OOCeP columns 
S.N. 
I. 
2. 
3. 
Separation achieved 
Ml 
Pb(n)-Hg(n) 
Ni(II)-Hg(II) 
CadD-Hgdl) 
M2 
Amount loaded ()i.g) 
Ml 
33152 
9390.9 
6412.48 
M2 
32094.4 
32094.4 
32094.4 
Amount found ((j.g) 
Ml 
32415.3 
9390.9 
6269.98 
M2 
31411.5 
31411.5 
30728.7 
Error (%) 
Ml 
-2.22 
0 
-2.22 
M2 
-2.13 
-2.13 
-4.25 
Eluant used 
Pb: 1 M HCl 
Hg: IMNH4CI+IMHCI 
Ni:0.1MHCIO4 
Hg: IMNH4CI+IMHCI 
Ca:0.1MHNO3 
Hg: 1 MNH4CI + 1 M HCl 
Volume of eluant 
used (mL) 
50 
60 
50 
40 
40 
50 
2.6. Adsorption studies and binary separations achieved 
A 200 mg of the exchanger in H"^ -form was added to a mixture 
containing 18 mL of the acid solution and 2 mL of the metal ion 
solution. The mixture was kept for 24 h, shaking intermittently 
to achieve equilibrium. The metal ions in the solution before and 
after equilibrium were determined by the EDTA titrations and 
the distribution coefficients (Ka) were calculated by the formula: 
F V 
:(niLg-') 
F M 
where / and F are the initial and final amounts of the metal ions 
in the solution phase. V the volume (mL) of the solution, and 
M the amount (g) of the exchanger. The results are reported in 
Table 5. 
Several binary separations were carried out using a column 
of internal diameter ~0.6 cm containing 2 g of the material. The 
column was washed thoroughly with demineralized water and 
the mixture to be separated was loaded on it, maintaining a flow 
rate of ~2-3 drops min~' (0.15 mLmin"'). The separation was 
achieved by passing a suitable solvent through the column as 
eluant and the metal ions in the effluent were determined quan-
titatively by EDTA titrations. The results of these separations 
are reported in Table 6. 
3. Results and discussion 
The most important feature of the material, prepared in these 
laboratories has been its exceedingly good ion exchange capacity 
for the Na"^  ions (3.(X) meq/dry g). It is much higher than the other 
hybrid fibrous ion exchange materials, reported so far (Tabic 7). 
This may be due to the enhanced interlayer distances in the mate-
rial as a result of adsorption of surfactant molecules into the layer 
of Ce(IV) phosphate matrix providing easy exchange/adsorption 
of ions. The ion exchange capacity of the material for alkali 
metals and alkaline earth metals (Table 2) shows the order: 
Li* < Na+ < K+ andMg2+ < Ca^* < Sr^ + < Ba^ "" which is in accor-
dance to the decreasing order of the hydrated ionic radii of these 
metal ions in the same order. SEM study confirms its fibrous 
nature (Fig. 2), revealing its particle size as 3 [im. 
The elution behaviour reveals that the exchange is quite fast 
and almost all the H"^  ions are eluted out in the first 150mL of 
the effluent from a column of 1 g exchanger (Fig. 1). Similarly, 
the optimum concentration of the eluant was found to be 1 M 
(Table 3) for a complete removal of H"^  ions from the above 
column. 
Table 7 
A comparison in ion exchange capacity of TX-1 OOCeP with ion exchange capac-
ity of various hybrid fibrous materials 
S.N. Name of the materials Ion exchange capacity (meq/g) 
1 Triton X-100 CedV) phosphate 3.00 
2 Acrylonitrile Ce(IV) phosphate [5] 2.86 
3 Acryl amide Ce(IV) phosphate [6] 2.60 
4 Acryl amide ThCIV) phosphate [7] 2.00 
5 Pectin Ce(lV) phosphate [8] 1.78 
6 Pectin Th(IV) phosphate [8J 2.15 
7 Cellulose acetate ThUV) phosphate 19) 1.70 
8 n-Butyl acetate Ce(lV) phosphate [10] 2.25 
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A gradual decrease of the ion exchange capacity was observed 
in the material on healing at various temperatures It retains 90% 
of Us ion exchange capacity on heating up to lOO^C, 55% up 
to 200 "C and 41 7% up to 300 °C before approaching 11 7% at 
400 °C (Table 4) 
The thermo-grams (Fig "?) of the material show 4 9"!. 3 66 
and 4 93% weight losses up to 174 °C with two endo effects at 85 
and 163 °C confirming the removal of external water molecules 
as well as partial removal of TX-100 The 5 51 % weight loss up 
to 338 "C with endo effect at 302 °C represents the removal of 
the remaining part of TX-100 At this temperature, condensation 
might have also started with the removal of strongly co-ordinated 
\\ater molecules Heie, weight becomes almost constant contin-
uing up to 789 °C with slight weight losses 0 63% at 450 "^ C, 
0 33% at 549°C, 0 23% at 650°C and finally 0 17% at 789°C 
It albo involves the formation of Ce02 at 450 C [15] 
Comparison ot the data of thermal analysis (Fig 3) and that 
on the changes of ion exchange capacity during the heating, 
as reported in Table 4, reveals the little effect of the removal 
of external water molecules upon the ion exchange capacity A 
change in ion exchange capacity (between 200 and 300 °C) may 
be due to the removal of TX-100 and strongly co-ordinated water 
molecules Beyond 300 °C, a sharp decrease in ion exchange 
capacity is observed which may be due to both CeO^ for-
mation and disruption of fibrous structure of the prepared 
matenal 
The IR spectrum of the matenal (Fig 4) indicates the presence 
of phosphate groups 116] by the appearance of peaks at 531 5 and 
1061 2cm~' and metal-oxygen and metal-hydioxide bonding 
by the peak at 618 6 cm"' The peak at 1632 2 cm~' represents 
the external watei molecules in addition to its usual range at 
3488 0cm~' The bands beyond at 3488 0cm~' conespond to 
-OH groups The bands at 1149 1 3010 9 and 3126 0cm"' are 
due to the presence of alkyl ether and benzene (aromatic C-H 
structure) parts in the material The peaks [17] at 2916 2 2861 0. 
1354 9 and 1426 0cm~' reveal the presence of methyl and/or 
methylene groups while the peaks at 33182 and 3210'SLm~' 
indicate the O-H structure of the intermolecular H-bonded part 
of the matenal The X-ray diffraction patterns (Fig 5) show the 
amorphous nature of the matenal The elemental study reveals 
0 13% caibon 1 42% hydrogen, 31 90% cenum and 24 25'/(. 
phosphorus in the exchange material f^ 
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Fig "i X-ray diffraction patterns of TX-lOOCeP 
The adsorption studies on some alkaline earth and heavy 
metal ions have been performed on TX-lOOCeP in different 
acidic media (Table 5) The adsorption studies revealed good 
adsorption of alkaline earths and heavy metal ions The presence 
of TX-100 in the matrix of ion exchanger facilitates more adsorp-
tion of metal ions firstly, by reducing the interfacial tensions 
between the material (solid) and liquid phases [ 18] from which 
adsorption takes place and secondly, by forming complexes of 
TX-100 with metal ions 119] The vanation of ATj-values of metal 
ions (i e , decreasing tendency) with the increase in concentra-
tion of acids follows the usual behaviour of any ion exchanger 
The Kj-values of alkaline earths and heavy metal ions for the 
adsorption on TX-lOOCeP, cation exchanger were determined in 
DMW, HCl, HNO3 and HCIO4 media Ca(II) is more strongly 
adsorbed to the exchanger in DMW and HCl while adsorption 
of Sr(II) is higher in HNO3 and HCIO4 media Ba(II) is poorly 
adsorbed to the ion exchanger in all these media It may be due 
to the larger size of Ba(II) and possessing lower charge den-
sity Among the heavy metals. Hg(II) is most strongly adsorbed 
to the ion exchanger in all the studied media, 1 e , DMW. HCl, 
HNO3 and HC104 The highest adsorption values for Hg(II) 
on the TX-lOOCeP ion exchangei may be due to the loimation 
ot some stronger complexes between polar TX-lOO molecule 
and Hg(Il) ions having high charge density On the basis of 
adsorption studies the material is found to be highly selec-
tive for Hg(II) which is one of the polluting ionic species 
Hence, the potential of TX-lOOCeP in environmental studies, 
has been demonstrated by achieving some binary separations 
including Hg(II), for example Pb(II)-Hg(II), Ni(II)-Hg(II) and 
Ca(ll)-Hg(ll), as summarized in Table 6 
4. Conclusions 
The addition ol surfactant. TX-lOO m the matrix ot 
Ce(IV) phosphate enhances the ion exchange capacity Fui-
ther, TX-lOOCeP is quite thermally stable and highly selective 
for Hg(II) The high selectivity of the material towards 
Hg(II) reveals its potential in environmental pollution control 
where the separation of this ion from other ionic species is 
required 
Acknowledgement 
The authors thank the Chairman, Department ot Applied 
Chemistry, Aligarh Muslim University, Aligarh for research 
facihties. 
References 
[I] SC Mojumdar KG Varshnev A Agrawal Res J Chem Environ 10 
(2006)89 
[2] VS Soldalov A A Shunkevith GI Sergeev Read Pol>m 7(1988) 
159 
[•?] LA Wolf Chem Ind (Bulgarij) ^ (198^) 134 
[4] T Miyamatsu Sen 1 Gabbaishi ?9 (1983) ^3 
[5] K G Varshney N Tayal U Gupta Colloids Surf A Physiochem Fng 
Aspects 145(1998)71 
[6] KG Varshney P Gupta N Tayal Ind J Chem 42A(2003)89 
[7] SC Mojumdar KG Varshney P Gupta A Agrawal Res J Chem Env-
iron 10(2006)85 
[8] KG Varshney A Agrawal S C Mojumdar J Therm Anal Cal 81 (2005) 
183 
[9] K G Varshney M Z A Rahquee Amita Somya J Therm Anal Calonm 
90 (2007) 663 
[10] KG Varshney MZA Rafiquee A Somya M Drabik Ind J Chem 4->A 
(2006) 1856 
[11] KG Varshney N Tayal A A Khan R Niwas Colloids Surl A Phys-
lochem Eng Aspects 181 (2001) 123 
[12] Amila Somya MZA Rafiquee KG Varshney Colloids Surf A Physic-
ochcm Eng Aspects 301 (2007) 69 
[13] KG Varshney MZA Rafiquee AmitaSomNa Colloids Surf A Physic-
ochem Eng Aspects 301 (2007)224 
K.G. Varshney el at. I Colloids and Surfaces A: Physkochem. Eng. Aspects 317(2008) 400-405 405 
114) G. Alberti, M. Casciola, U. Costantino, M.L. Luciani Giovagnotti, J. Chro- [17] R.T. Morrison, R.N. Boyd. Organic Chemistry, sixth ed., 1999, 
matogr. 128 (1976) 289. [18] D.C. Cullum, Introduction of Surfactant Analysis, first ed., Chapman & 
[15] C. Duval. Inorganic Thermogravimetric Analysis, Elsevier, Amsterdam. Hall, UK, 1994. 
1953, p. 403. [19] J.H. Fendler, E,J. Fendler, Catalysis in Micellar and Macromolecular Sys-
|16] C.N.R. Rao, Chemical Applications of Infrared Spectroscopy, Academic tems. Academic Press, New York, 1975. 
Press, New York. 1963. 
ir^ «^ ^ ff^lj 
f s 
coUi 
< I 
o 
IL 
o 
u. 
O 
OH 
UJ 
> I-
< 
Q. 
UJ 
Q 
c 
.2 
(0 
N 
O 
c 
o 
He 
c 
o 
o 
0) 
tx: 
•a 
c (0 
(A 
O 
> 
0) Q 
C2 
0) lU ^ CO 
E 
& 
c 
g. £CM 
> c « 
S O 
C 
3 
CO 
3 
CO 
z' 
ID 
O 
O 
r4 Q. 
1 -
• • 
3 
ce o CO 
^ 
A 
m 
o 
o 
CM L . 
^ 
a. 
<^  
£ 
m CN 
P (*> 
«>4 
./' 
# # # # # » # # # » # # : » # # # # # : # : » # # # # # : # : # # » » » : ) ^ # ^ # # # # # » # # 
^ 
^ 
% ) 
# * # * # * # # # # # * * # * # # # * * # * # * # * # * * # # # # * # # # # * # # 

^p,OEMY o/c 
°^ 
. - » ' 
V 
* ^ 
OA 
^ . 4c 
2006 
GertifieJ l/ial T'rof./Dr. I TlCr. I "Ms. A n i T A S Q M V A 
^ar/ictpatea in ina 76 Annual Session or ine CncaoemiJ^ held a/ 
S/noian S/nsiiluie or Jecnnofoau ^omoaUj JKumoax from (jctooer 
6-Sj 2006. Jjei^ne also presenled nisiner researcn paper in its 
scjen session. 
IVIumbai 
October 8. 2006 SectionaC (President/Managing editor 
Annual Convention of Chemists 2006 
Venue Department ot rhemistry, 
Dr Babd^aheh AmbCvikar Maraihwada University Aurangabad-431 004 
December 23-27, 2006 
Organtied hv: Indian Chemical Society 
92 Acharva P'oluWa Chandra Rood, Kolkata-700 009, India 
E-mail indchemical@vsni.net' lndchemical@sifycom 
FaxfPhone 033-23503478 
>n\ention Committee 
r'-esident 
•\ "> t-andt;\c 
SfC-''^'^ 
laiumder 
reciiurer 
-'-"••* Samir Biswas 
' oiiMHor 
„ K Co»in,i"ec 
-!' . i, I O'fi^eniion of 
0'!c"'"5/s 2r>06 
-n' M S Shmgare 
' enor 2005 
'c: D \ Ch(>adhur\ 
"^iiirush-iii-Charge : 
' - 1 ; S P Banerjee 
••• R N Prasad 
r^ P K Sharnia 
'r-t \n)l K Singh 
'•.i! b Ss.i la Sundar 
/lt>i'.\ Se Cretan, 
'nsiituiion of Chemists 
•vhM 
Ret. No:ICS/2A/2006/06 December, 2006 
To Whom !t May Concern 
This is to Certify ttiai Professor/^yVI^/yv1s...A:.7.Yh^i..Et^^'^^ 
. tias attended 
ttie Forty-Tt)ifd Annual Convention of Ctiemists 2006,and 
presented a paper ent'ifled " . . . . % . ^ ^ ^ . . 7 . . . T . . r . . T . . 
(Paper No:...M.^.Lf>.J^..:f^)....). 
No TA/DA t)as been paid hy fhe Society for ttie Purpose. 
(P 
> -^ . ^ ^ C T . C . r ^ ( 
ProfessorP. L. MajuVncfer -p^ ProfessorS. P. Banerjee ^ *-
Secretary, Convention 
Committee 
Honorary Secretary 
Indian Chemical Society 
Date: z^ - \'^ -0^ 
Scientists-in-Charge, 
Analytical Chemistry and 
Environmental Chemistry 
Section 
Silver Jubilee Conference 
a?**^  - 29'^ December, 2006 
Venue 
BIRLA COLLEGE OF ARTS, SCEINCE &? COMMERCE 
KALYAIN 
Certificate 
K^his is ta certify that 
Dr. I Shri I Ms. f\yY)\\a ^omUG 
has attended 25*'^ Conference of Indian Council of Chemists 
held at Birla College of Arts, Science and Commerce, 
Kalyan on 27"\. 28"' & 29"' December, 2006. 
He I She has presented his I her paper (Oral I Poster) in 
hiorganic I Organic I Physical! Analytical and Envii^onmental I 
Pharmaceutical Chemistry Section. 
No TA I DA has been paid to him I her by the council. 
y ^ / / f e ^ 
Secretary Sectional President 
O ^ 
CERTIFICATE 
Ger/^//eJ/Aa/ Trof.lDr. I JKr. I "Ms. ^Nir/^ ^OMY;^  
g / ALIg»ARH MUSLIM UKIIYERSITV . /^L|g , /qRH 
par/icipa/ecf tn /n<z 7/ Annual ci)ess/on of ijae ^caoemUj nela a/ 
yjeniral . rood iJecnnoJoa/cal .Kesearcn Snsiiiuiej JlCusore rrom 
December 6-6^ 2007. ^Jiel^ne also preseniea grilJaer researcn 
paper in t/s scien/ifjc session. 
'Mysore ^^ A<.c^xsu^ 
"December 8, 2007. SectionaC(Presufent/Managing 'Editor 
mfh Convention, 07 
Annual Convention of Chemists 2007 
Venue : Mahafma Gaadhi Institute of Applied Sciences. 
Jaipur-303 905 
December 23-27, 2007 
Organised by : Indian Chemical Society 
92, Acharya Prafulla Chandra Rood, Kolkata-700 009, India 
E-mail indi3478@dafaone in indchemical@vsnl net 
Tel & Fox 91-033-23503478 Tel 91-033-23609497 
Convention Committee 
President 
Prot K B Pande>a 
Secretary 
Prot P L Majumder 
freasurer 
Prof Samir Biswas 
Members • 
Editor (HQj 
Prot D C Mukherjee 
Convenor 
Local Organizing Committee 
Annual Convention of 
Chemists, 2007 
Prof C K Ojha 
Convenor. 2006 
Prof M S Shingare 
Sctentists-in-Charge 
Prot S P Banerjee 
Dr R N Prasad 
Dr P K Sharma 
=ror Anil K Singh 
^rol B Syama Sundar 
'h)n\ Secretary 
nstituiiop of Chemiiis 
India) 
Ref. No:ICS/2A/2007/07 December, 2007 
To Whom It May Concern 
A'Tn-'-Lsu Ihh is to Ceriify that Professor/Dr./Mr./Ms. 
? . ? ^ ^ . 
has attended the 44^ Annual Convention of Chemists 
2007, and presented a paper entitled 
(Paper No.:.hf.LCtn:.^. .). 
No TA/DA has been paid by the Society for the purpose. 
0^  
Professor P. L. Majumder 
Secretary, Convention 
Committee 
Honorary Secretary 
Indian Chemical Society 
Prot;essorS»..Pri5an< 
Scientists-Charge, 
Analytical Chemistry and 
Environmental Chemistry 
Section 
Date: 
§ ^ \ % 
. - • ''^ /^*3H0 # 
^ 
< 
Z 
o 
5 
z 
(0 
tf 
o 
> • 
Of 
1 -
(0 i 
lU 
z 
o 
z 
s 
3 
(0 
o 
(L 
> • 
(0 
\. \ 
vv 
^ ^ ^ 
^»««4« 
^ l l 
^ W 
^ • A 
. i , ^ / ! 
00 
o 
o 
(U 
3 
LL 
CO 
I 
M 
tf 
1 
E 
o 
l o 
«0 
E 
< 
V) 
— 
4 -
a 
-1 -
> 
• 4 -
O 
- 1 -
W) 
V) 
• ^ i » 
1 
1-
4 -
4 -
a 
> . 
V) 
E 
o 
Q . 
"a 
o 
4 -a 
Z 
+-
o 
y—i 
c 
a 
]u 
"••-
1 . 
a £L 
00 
O O 
CM 
>^  i 
3 
:_ 
^ \ 
CO 
1 
o 
M -
<^ 
L. 
O 
a CD 
a 
CO 
u 
c 
O 
(^ 
4 -
4 ; 
4 -
V) 
c 
g 
^ 
c M 
C 0 
J2o 
0 V L'N ? 0 
\ \ ^ -
> \ • ^ 
a. 
H 
H 
H 
^ ^ 
H 
U 
H 
u 
^ \ 
y \ 
ft 
v*/^ v*/» v*/» vA/* vif >^  v«f/• v4»^ v^*^ ^ ^^ v^r^ Mf ^  v^ l^ /* v»f ^  v^/* V^ lr^ ^ v»|f/* M|f/ v^/* v^/" v^^ \^/» v / 
/ • s /)f\ ^^s /i^s ^ if\ ^'•s .'•s /•% / • s ^•s z^ .^ / • ^ / * s «'*'s •'•s ^•s ^'•s /•'^ ^^\ / • \ r/ii\ 7 ^ 
SESTEC-2008 SESvTFX 20 08 
Ok - ••: 
CERTIFICATE OF PARTICIPATION 
This is certify that 
i^r./]\f('.ms. AmZtii Scm^Oi 
has participated in the DAE-BRNS Symposium on 
"Emerging Trends in Separation Science and 
Technology (SESTEC-2008)" 
held at Department of Chemistry, 
University of Delhi, Delhi- 110007 
during March 12-14, 2008 
and presented a paper entitled SynhktAJS ^ jifry - ^MckaMf fh^lit/^ 
Trm - &>tcl^on«fr 
1|\L1J.«V^ 
(V.K. Manchanda) 
Convener 
(P.N. Pathak; 
Secretary 
V _ / v^ r^  ^ t^ \if^ «-*^ vt^ vf^ Kmj ' ' t ' J M i f * l j [ ^ | f ^ *^t^i,t 
•^  \ ^^\ ^^\ y^\ 4'm\ «^4»s *'^\ ^ m^ ^m^ 7w^ /^s 3»\ ?*s ^ifs .^•' 
'^  v4»^ M|r^  ^ f^ ^  M|rx» M(r/ v%^ V)t^ 
^ *^ *^ *^ ^ * ^ 
•^•\ •^•^ ^m\ .^•N .^•\ *^ <f^ \ .^•^ ^•^ 
l l 
- ^ 
W2 
l/t 
l/t 
UJ 
r 
UJ 
OS 
IX 
5-
z 
«E 
O 
o 
QQ 
LU 
> 
o 
1 ^ 
o ft 
> r 
111 
-^m: 
S*tV,.-^ v^ 
^^m. • • - • • •X .JT • v j e - ^ ^ 
mi 
i 
I l l 
Z 
LJJ 
< < 
O ^ 
ct: 
< ^ 
(3^ 
13 o 
<d 
Z -^
z 
CO < 
LU Z 
111 a: 
o ^ 
>• 
o 
o 
- I 
o 
z 
I 
o 
LU 
J -
Q 
z 
< 
LU o 
z 
UJ 
o 
CO 
-J 
h- 00 
UJ CM 
Z CO 
> ^ 
3 
LU 
LU LU 
U. 
O 
LU 
O 
LU 
-J 
- I 
o o 
m 
O i t . 
z 
Q 
< 
< 
CO 
LU 
X 
H 
< 
Q 
:s 
: ^ 
: v i 
'f,^  
e 
M 5 
\ 
a. 
O" 
o 
o k . 
ra UL 
• 
3: 
• 
T: 
o i - j 
CD 
O 
O 
O) 
U) 
c 
N 
"c 
03 
U) 
o 
cs 01 
c (0 
£ 
^ 
• 
< 
CO 
.^^ 
c 03 
E 
1 _ 03 
O 
0) 
v_ 
C 
0 
o 
15 o 
o 
_ j 
sz 
03 
D) 
LU 
•1MB 
(0 
• MHi 
c (0 
E 
i _ 
03 
X I 
S o 
Q: 
>i 
• 
M-
o 
'N 
"c 03 
O) 
QL O 
> 
.?5 ^ 
ON 
a 
s 
a 
•5 op 
^ 
^ 
O 
CO 
i 
Ul X 
Q 
< 
O 
< 
Q 
| o 
Z 
a 
o 
o 
^ 
< 
u. 
< 
< 
Z 
o 
< 
o 
O 
I 
-I 
o 
^ . 
(9 
re o 1^  
THANK rod 
